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ABSTRACT.
Experimental results have been obtained for 
mass transfer across liquid-liquid interfaces, utilising 
a novel Twyman-Green type interferometer and a flowing 
junction cell.
Section One of the thesis is mainly concerned 
with mass transfer across plane interfaces. The system 
water-acetic acid-carbon tetrachloride was studied. Two 
cases were considered depending on the direction of transfer 
of the solute.
In the first case acetic acid transferred from 
the water phase to the acid free carbon tetrachloride 
phase. Three initial concentrations of acetic acid in 
the water phase were used. The recorded interfacial 
concentrations showed that equilibrium was not established 
instantaneously. The growth rate of the interfacial 
concentration was comparatively slow, and was dependent 
:n the initial strength of solute in the concentrated phase.
The total amount of mass transfer (M^) has been 
obtained as a function of exposure time and compared with 
the values of (M^) calculated from theoretical equations.
An empirical equation was developed to express the relation­
ship between and the exposure time (t).
11.
Having established the presence of an inter­
facial resistance to mass transfer, it was found that 
the resistance was also time dependent. An empirical 
equation was developed to express the relationship between 
the interfacial resistance and exposure time.
A modified pendant drop method was used to 
determine the interfacial tension of water-carbon 
tetrachloride interface for different solute (acetic acid) 
concentrations. The relationship between interfacial tension 
and interfacial resistance was established.
An important aspect of the present work is that 
we were able to study the mass transfer process at very
short time intervals from its inception.}
In the second case acetic acid transferred 
from the carbon tetrachloride phase to acid free water 
phase. Convective disturbances occurred in the carbon 
tetrachloride phase. This part of the work demonstrates 
the importance of the density changes accompanying the 
change in interfacial concentration.
Section Two of the thesis deals with mass 
transfer to and from stagnant liquid drops. The total 
mass transfer (M^), interfacial concentrations and
I l l .
concentration profiles have been obtained as a function 
of exposure time (t). Using this highly sensitive apparatus 
it is shown that at low concentrations (3 gm/lit) no 
eruptions in the drop surface could be detected while 
the diffusion occurred. At higher concentrations (30 gm/lit) 
eruptions developed almost instantaneously. This indicates 
the presence of a critical concentration of acetic acid at 
which interfacial eruptions occur.
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MASS TRANSFER ACROSS PLA.NE 
LIQUID-LIQUID INTERFACES
CHAPTER I
INTRODUCTION
*" 2 *"
CHAPTER I.
Introduction.
The industrial application of solvent extraction 
for the separation and purification of many important 
products stimulates considerable interest in liquid- 
liquid mass transfer. Yet it is only comparatively 
recently that any systematic study of the phenomenon 
has been undertaken. Activities in the field of mass 
transfer in general, and liquid-liquid extraction in 
particular, aim at an understanding of the mechanism 
of transfer through the interfacial zone rather than at 
the general form of the transfer equation.
As in any separation process the aims are to 
try to attain a high rate of solute transfer and maximum 
separation efficiency. To this end a careful choice of 
solvent suited to the chemical system is necessary and 
a suitable design of extractor based on a knowledge of 
the problems associated with the specific extraction.
A basic understanding of the mechanism of the transfer 
process is essential. In this respect any studies of 
the nature of the interfaces and the part they play in 
the transfer process is certainly of great Importance.
Not only will the properties of the interface influence 
the extraction but they will also affect the settling 
processes after extraction.
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Owing to the complexities of the mechanism 
fundamental work has been too slow for design purposes 
and studies employing pilot scale equipment have yielded 
much of the information used to design the equipment 
for solvent extraction processes (149), (151) and (42). 
Many investigators seeking a fundamental understanding 
of the transfer processes have employed experimental 
techniques in which the hydrodynamics of the system 
are more predictable than with pilot scale equipment.
Such investigations have provided considerable inform­
ation on the nature of the transfer processes, but at the 
same time, have produced much confusion over the 
magnitude of interfacial concentrations and the presence 
and nature of an interfacial resistance.
In calculation of interphase mass transfer 
interfacial equilibrium is usually assumed but the 
validity of this assumption has been questioned (160), 
(78), (158), (129)s (140). The problem is important 
because it is only when there is a fundamental under­
standing of the mechanism of mass transfer through 
interfaces can the many processes involving interphase 
mass transfer be understood and improved.
Gas-Liquid interface.
In 1923 Whitman (165) postulated that, in 
gas absorption, if a resistance to transfer existed.
it was negligible in comparison with the resistance to 
transfer across a thin boundary layer adjacent to the 
interface. Steady matter transfer by molecular diffusion 
across the boundary region, which remains unaffected by 
the turbulent motion of the bulk phases, was assumed.
The application of the theory to interfacial mass transfer 
was originally based on the simplifying assumption of 
interracial equilibrium of the two phases instantaneously 
established. This suggests the absence of a resistance 
to mass transfer at the interface. This condition of 
interfacial equilibrium is known not to be fulfilled 
in certain cases such as the evaporation of a pure 
material into a high vacuum (22), diffusion through 
a surfactant monolayer (78) at the interface and 
crystallization (122). For mass transfer of a pure 
gas across an impurity free gas-liquid interface the inter- 
facial resistance is generally assumed to be either 
zero or negligible compared to the resistance in either 
or both of the phases. However, some investigators 
(158), (140), have found an apparent interfacial resist­
ance which they did not feel could be attributed to 
surface active contaminants or hydro-dynamic effects, 
while others (37), (36), dispute these reports and claim 
no measurable resistance.
In 1935 the physical unreality of Whitman's 
model of the transfer process was pointed out by Higbie (74)
He proposed instead that there is a periodic breaking 
of the boundary layer, followed by short intervals of 
non-steady absorption by molecular diffusion. The 
absorption of carbon dioxide from gas bubbles by water 
was studied and the results led Higbie to postulate 
a resistance to the transfer of carbon dioxide at the 
interface. An extension of Higbie's theory was made by 
Danckwerts (31) who conceived that a random and 
continuous breaking of the interface was a more likely 
condition, in which small elements of fluid came into 
contact with the interface for short periods of time.
A generalisation of the theories of Higbie and Danckwerts 
was made by Toor and Marchello (156). They showed 
by a solution of the diffusion equation with finite 
boundary conditions that the dependence of the mass 
transfer coefficient on the diffusion coefficient D, was 
dependent on the age of the elements of fluid exposed 
to the phase boundary. For short exposure times they 
found that the transient process prevailed and the 
penetration theory correctly predicted the relation 
between the mass transfer coefficient and D, whilst for 
long exposure times the steady state assumption held 
and the film theory dépendance of the mass transfer 
coefficient on D was valid.
Several other mass transfer models around 
similar themes as the ones mentioned above have also 
appeared in the research literature in recent years.
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New ideas are continually appearing such as the recent 
work by Chan and Scriven (25) which considers the existence 
of microflows in the region of the interface. They 
propose mathematical equations based on a concept of 
convective forward and reverse stagnation flows.
None of these theories account completely for 
the observed behaviour of an absorption column. Detailed 
experimental results, whether obtained from full scale 
or laboratory equipment, remain unexplained by any of 
these theories. There are two possible reasons for 
this. Firstly, the complex way in which the liquid passes 
through equipment, and the effect of the turbulence of 
the gas on the rate of absorption may not be properly 
accounted for. Shulman et al (137), (138) and (139) 
have published a series of papers dealing specifically 
with liquid flow patterns and velocities in packed beds. 
These papers indicate how complex such phenomena can really 
be in practice. The second possibility is that even 
if the effect of the motion of the fluids is excluded, 
the underlying diffusion process would not behave as 
is normally assumed. Although it is not generally expected 
that in a stationary liquid or gas, transfer will take 
place by means other than molecular diffusion, it may be 
that at the interface the phases are not at equilibrium. 
This is a factor which is receiving more attention in 
the recent research literature. Harvey and Smith (67),
used an interferometric technique to measure the 
absorption of carbon dioxide into quiescent water.
They report no interfacial resistance and claim they 
could accurately measure a resistance larger than 0.25 
sec/cm. A mathematical analysis of the situation is 
given by Dang and Gill (33) using a method of matched 
asymptotic expansions. Thomas et al (152) used both 
interferometric and transducer techniques to study 
physical absorption into a pool of liquid. They predict 
an appreciable surface resistance for the absorption 
of COg in water.
It is apparent that a number of successful 
techniques both dynamic and static have been devised 
for measuring transient absorption rates. It can be 
seen that there is a great deal of contradiction 
concerning the presence of surface resistance and its 
nature.
Most of the techniques and theoretical 
approaches for gas absorption are applicable to mass 
transfer across liquid-liquid interfaces but the mechan­
isms if anything are even more complex and consequently 
more confused.
Liquid-liquid interface.
As Treybal (157) points out there are certain
" 8 ”
conditions under which interfacial equilibrium and 
resistance additivity, two of the requirements of the 
Whitman film theory, may not be fulfilled. They are:
1. Interfacial resistance due to surface active agents 
absorbed at the interface with resultant
a. blocking of the surface.
b. rigidity of the surface preventing transfer
of momentum across the interface.
\
c. interaction of the adsorped surfactants and 
the diffusing solute.
2. Spontaneous interfacial turbulence due to interfacial 
tension gradients and/or density gradients.
3. A temperature gradient at the interface due to heat
of solution accompanying mass transfer.
4. Chemical reaction.
In addition to these recognised exceptions to 
the postulates of the film theory there are still some 
reports of large interfacial resistances which have 
not been satisfactorily explained.
As a preliminary to the literature review
of these unexplained interfacial resistances it would be 
advantageous to consider in some detail those facts 
of the above four points which concern the present study 
of liquid-liquid mass transfer.
1. Interfacial resistance due to surface active agents,
Surface active agents could conceivably influence 
the transfer of a solute across an interface in a number 
of ways, all of which are deleterious to the transfer 
rate. Hutchinson (78) found a large decrease in transfer 
rates with the addition of surface active agents. His 
were semi-quantitative results. Davies and Wiggill (36) 
found no interfacial resistance caused by monolayers of 
surface active materials. They did find that polymolecular 
films gave considerable resistances. Vignes (159) detected 
a resistance caused by surface active agents and reported 
that this was definitely due to the interaction of solute 
and adsorbed surface agent molecules.
Merson and Quinn (110) found a decrease in 
transfer rates due to the presence of surface active agents, 
However, the effect of the surface active agents was to 
stagnate the interface and the decrease in transfer rates 
could be accounted for by hydro-dynamic factors alone. 
Blokker (13) reported no effect of surface active agents 
on the mass transfer rates. Chu et al (26) predicted 
an increase in transfer rates in the presence of surface 
active agents. Brown (15) made an extensive review of the 
effect of surfactants on liquid-liquid mass transfer.
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Many of the contradictory results are explainable 
in terms of a hydrodynamic phenomenon. The total 
interfacial area in dispersed systems is increased by the 
addition of surfactant, giving an increased or unaffected 
transfer rate. Thus, a decrease in the mass transfer 
rate per unit area caused by other hydrodynamic factors 
or an interfacial barrier may be masked by the increase 
in interfacial area when surfactant is added to the 
system (52).
Two distinct manifestations of the influence 
of surfactants in hindering transfer between immiscible 
phases which have been proposed (55) are a hydrodynamic 
phenomenon and a barrier phenomenon,. The surfactant 
hinders mass transfer in a hydrodynamic sense by eliminating 
interfacial eruptions that often accompany mass transfer 
and by decreasing circulation in the vicinity of the 
interface. Decreased transfer rates could also result 
from a barrier mechanism wherein the surfactant forms a 
mechanical or potential energy barrier at the interface 
which reflects a portion of the solute molecules that would 
penetrate a clean interface. The hydrodynamic mechanism 
does not alter the interfacial equilibrium condition, 
whereas the surfactant barrier results in a departure 
from an equilibrium distribution across the interface.
The barrier mechanism is difficult to demonstrate but is 
often proposed to explain the measurement of a decrease 
in the transfer rate when a surfactant is added to a system 
which exhibits no interfacial turbulence or circulation 
near the interface.
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Recently Mudge and Heidger (112) made a study 
of the effect of surfactants on liquid-liquid mass transfer. 
In I he transfer of n- and isobutyl alcohols from water 
to carbon tetrachloride they found large interfacial 
resistance of 500-2500 sec/cm. Since both the solute 
and the surfactant, sodium dodecyl sulphate or sodium 
tetradecyl sulphate, have surface active properties, the 
interfacial resistance was attributed to an interaction 
or "competition" between the two molecules at the interface,
2. Spontaneous Interfacial Turbulence.
The Marangoni effect caused by interfacial 
tension gradients and its influence on mass transfer 
have been studied quite extensively (97), (94), (95) 
and (96). Haydon, Davies and Rideal (34), (37) consider 
interfacial turbulence as one of the possible mechanisms 
for spontaneous émulsification in the case of solute 
transfer between two immiscible liquid phases. However, 
they point out that while interfacial turbulence is the 
most widely accepted mechanism there are certain systems 
showing strong spontaneous émulsification in conjunction 
with interfacial turbulence which still exhibit spontaneous 
emulsion after the interfacial turbulence is suppressed, 
Pearson (119) showed that if the upper surface of a liquid 
was free, then Benard type cells could be produced by 
tractions arising from the variations of surface tension 
with temperature and concentration. Ruckenstein et al 
(126), (127) have also studied the Marangoni effect to 
a great extent. They showed that the influence that
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surface forces may have upon mass transfer in fluid 
systems is due to the fact that they effect the hydro- 
dyixmics of the region which essentially determines the 
int^nsicy of mass exchange in the interface and its 
im,n.idiate vicinity. Austin, Ying and Sawistowski (9) 
confirmed the presence of interfacial instability in pendant 
drops by Schlieren photography. Merson and Quinn (110) 
studied diffusion into a radially moving film for mass 
transfer in binary liquid systems. By means of a 
stereoscopic3 10-power microscope perpendicular to the 
interface they observed interfacial turbulence, ripples, 
and hexagonal cells.
Sawistowski et al (9) and Merson and Quinn (110) 
gave the same explanation for the cause of the interfacial 
turbulence. Under the restriction of the phase rule, if 
equilibrium is established there can be only one value 
for the interfacial concentration and for the interfacial 
tension. There observance of interfacial instability 
could therefore be explained on the basis of nonequilibrium 
concentrations at the interface, or in other words an 
interfacial resistance. Another possible cause could 
be heat effects which give rise to interfacial tension 
gradients directly or as a result of the change in 
solubility with temperature.
Sawistowski (129) has given an extensive review 
on the influence of interfacial-tension-driven instabilit­
ies or disturbances on the rates of mass transfer in
~ 13 “
liquid-liquid systems. The effect of surface active agents 
in quenching spontaneous interfacial turbulence has been 
studied extensively by Brown (15).
Another possible cause of liquid-liquid interfacial 
turbulence is Taylor instability as a result of diffusion- 
induced density inversion. Aranow and Witten (6), (7) showed 
that the instability is a function of concentration and 
concentration gradients at the interface. Several investig­
ators studied this phenomena (36), (13), (160), (98). A 
summary of these studies has been given by Chandrasekhar (27)
3. Heat Effects.
Thermal gradients as well as concentration gradients 
can cause interfacial tension gradients which may in turn 
initiate interfacial turbulence. Orell and Westwater (118) 
took into account heat effect in their study of spontaneous 
interfacial cellular convection by Schlieren photography 
in the transfer of acetic acid from ethylene glycol to 
ethyl acetate. The maximum teperature rise which they 
recorded was O.l^C corresponding to a heat mixing of 
-3.6 cal/molemixture. They also presented other evidence 
that the interfacial cellular convection was not caused 
by the heat of mixing.
4. Chemical Reaction.
The true concept of mass transfer between phases 
accompanied by chemical reaction is only partially developed
“ 14 -
with little fundamental investigation. In I963 Huang and 
Kuo (77) developed a general mathematical model for the 
m'-ohanism of mass transfer accompanied by a first order 
irreversible chemical reaction. Szekely (147) studied the 
effect of instantaneous chemical reactions at the interface 
on diffusion in an infinite composite medium. On the 
assumption of uniform initial values for concentration, 
expressions were derived for concentrations and fluxes 
in case of instantaneous second order reversible and 
irreversible reactions. He found that a comparatively 
simple closed analytical expression can be used if the 
assumption of the reaction restriction to the phase 
boundary was valid.
Ruckenstein and Berbente (125) came to the 
conclusion that it may be possible for the system to 
be stable when diffusion is not accompanied by a chemical 
reaction and unstable when the reaction takes place.
Sharma and Nanda (134) studied extraction with 
second order reaction. Two types of reaction were 
considered alkaline hydrolysis of esters of different 
acids (formic and acidic) and formation of oxime. They 
found that the theory of absorption with second order 
reaction is also valid for extraction with second order 
reaction^
Hanson and Albright (62) studied mass transfer 
with chemical reaction in liquid-liquid systems. They
- 15 -
stated "It appears probable that the rates of virtually 
all- Industrially important liquid-liquid reactions are 
dependent on diffusional resistances".
Seto et al (133) investigated interphase mass 
transfer with chemical reaction. They studied the transfer 
of ethyl acetate from a supernatant still liquid into a 
lower layer of caustic solution in which a saponification 
reaction occurs. Their results were mainly qualitative. 
However, they found that the thickness of the turbulant 
reaction layer was proportional to the square root of 
phase contact time.
In spite of the wide range of possible causes 
there are still some cases of large interfacial resistance 
to liquid-liquid mass transfer that have not been 
satisfactorily explained.
Drickamer et al (158) and (129) found very high 
interfacial resistance of 25,000 - 400,000 sec/cm in the 
transfer of tagged S, 80  ^ and HgSO^ across the interface 
in various liquid-liquid systems, Davies and Rideal (37) 
suggested that these extraordinarily high values might 
be due to impurities from rubber cell gaskets.
Vignes (159) conducted an exhaustive analytical 
and experimental investigation of diffusion through 
liquid-liquid interfaces. He devised a static experiment 
in which immiscible liquid phases were contacted by
“ l6 “
tl.lddng one phase over the other. The contacting 
required 15 seconds, with another 15 seconds necessary 
t s e p a r a t e  the phases. The diffusion of acetic acid 
between water and toluene was studied and an interfacial 
resistance of 400 sec/cm is reported.
Auer and Hurbach (8) worked with a three-region 
an interphase of thickness and two semi infinite 
Inlb phases. In this respect their study was similar 
to clx.G of Vignes. They assumed a constant diffusivity 
through the interphase and defined a permeability parameter 
(ci) equal to the diffusivity/thickness, admitting that 
the interphase diffusivity and thickness are not readily 
measurable. They derived equations for the concentration 
profiles in the bulk phases for three different sets of 
boundary conditions.
Lewis (98), (99) designed a cylindrical mass 
transfer cell in which each phase was stirred by a 
central paddle to determine individual mass transfer 
coefficients. The transfer of acetic and benzoic acids 
between toluene and water was studied. The situation 
was complicated by interfacial turbulence but he suggested 
that higher rates of transfer should have been observed 
if there were equilibrium at the interface. The 
interfacial resistance, it is said, might have been due 
to dimerization reaction at the interface. Gordon and 
Sherwood (56) studied a large number of systems in a
- 17
stirred diffusion cell. Their results suggest that there 
G 8 not a constant barrier type resistance at the inter­
face but they do not preclude this possibility.
In an attempt to unify several reports of high
interfacial resistance Blokker (13) studied different
systems in a stirred diffusion cell. In all the
systems studied except phenol-sulphuric acid (as
solute)-water he detected an interfacial resistance
?of the order of 10 sec/cm. The results of the 
experiments on the phenol-sulphuric acid-water system 
are attributed to interfacial turbulence.
In a stirred cell study similar to those 
mentioned above McManamey (108) correlated individual 
mass transfer coefficients for the systems ethyl acetate • 
water and n-butanol-water and suggested a turbulent 
transfer hypothesis. His model represented a compromise 
between that of Gordon and Sherwood (56), which required 
a function in the mass transfer coefficient equation
based on penetration theory, and that of Lewis (98), 
which contained no D term on the assumption of eddy 
diffusion control. McManamey (108) also employed a 
stirred cell to investigate interfacial resistance 
to the transfer of inorganic nitrates from water to 
n-butanol. He found that his model comprised 40-60% 
of the overall resistance.
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For an analogous problem, Szekely (147) 
developed a model of heat transfer across the interface 
of two independently stirred liquid phases, which 
was related to surface renewal times on either side 
of the interface. Using the assumption of additive 
resistances he defined an "interaction parameter" 
corresponding to interfacial resistance as the difference 
between observed and calculated resistances. This para­
meter was related to the physical properties of both 
phases.
The method of calculating interfacial resistance 
1 1R  ^ ^obs ^theor
which Lewis and others have used, was criticised by 
Abramzon and Astrovski (1). They mentioned that even 
though some investigators, using that premise, have found 
no measurable interfacial resistance, the existance 
of equilibrium concentration at the interface has never 
been confirmed experimentally.
Maroudas and Saw.stowski (106) studied 
simultaneous transfer of phenol and propionic acid 
between laminar co-current streams of carbon tetrachloride 
and water using a wetted-wall column. Apart from their 
principal observations and conclusions on the theory
19
of* interfacial instability which they observed, they 
explained how results for the transfer of propionic 
acid from water to carbon tetrachloride were caused 
by hydrogen bonding between the aqueous phase and acid 
molecules.
Another dynamic method for observing liquid- 
liquid mass transfer is the laminar jet. Using this 
technique Quinn and Jeanin (121) reported an interfacial 
resistance of 80 sec/cm for the transfer of isobutanol 
through the isobutanol-water interface.
In a modification of the usual liquid jet 
flowing through a second continuous liquid phase.
Ward and Quinn (l6l), (162) used concentric nozzles 
to form a laminar water jet with a 10 u skin of the 
organic phase. They found negligible resistance in 
two-component systems. The systems they studied were 
benzene transferring into water and toluene transferring 
into water. They also found no resistance in three 
component systems of benzene-acetic acid-water, benzene- 
oleic acid-water and benzene-cholestrol-water.
Ward and Brooks (160) used the Lamm scale 
optical technique to observe concentration gradients 
in the transfer of acetic, propionic, n-butyric, and 
n-valeric acid across a stagnant water-toluene interface
20 -
Using a numerical analysis to transform concentration 
gradients to concentrations, they found that the inter­
facial concentration remained constant and conformed to 
equilibrium distribution and hence they reported no 
interfacial resistance. In Blokker*s work (13), previously 
mentioned, an interfacial resistance of 1000 sec/cm was 
reported for the transfer of propionic acid across toluene- 
water interface in a dynamic system. Blokker mentioned 
that this resistance was also present in the stagnant 
cell, but that it was probably obscured by the higher 
diffusional resistance in the bulk phases. It is 
important to notice that a 1000 sec/cm represents the 
lowest resistance that the Lamm scale method can detect.
In another Lamm scale study Davies and Wiggill 
(36) investigated the transfer of acetic acid and diethyl 
amine across the static interface between water and 
benzene, toluene or petroleum ether. For the case of 
a clean interface or even in the presence of surfactant 
monolayer they found no detectable interfacial resistance 
within the capability of the Lamm scale technique.
However, in all of the systems they observed spontaneous 
émulsification as indicated by shading at the interface, 
and this could mask the effects of an interfacial 
resistance. The total amount of mass transfer was 
analysed quantitatively in an attempt to separate 
that caused by spontaneous émulsification from that
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caused by diffusion of the solute. The latter was then 
compared with the theoretical value for no interfacial 
resistance, and the agreement between the two values 
was taken as an indication that there was no interfacial 
resistance. However, it seems inevitable that this 
"mass transfer by diffusion" must agree with the theor­
etical, no resistance value since it was calculated from 
the "corrected experimental curve" which in turn was 
based on an extrapolation of the data fit to a non 
resistance concentration gradient profile,
Chandrasekhar (27) studied liquid-liquid 
systems with a schlieren optical ultra centrifuge method. 
The systems studied were water-toluene with acetic, 
propionic, and octanoic acid transferring and water- 
n-butanol with acetic acid as the solute. Runs were 
made with and without surfactant at two different concen­
tration levels. ’For the water-acetic acid-toluene runs 
two acetic acid concentrations in the aqueous phase were 
used to observe the effect upon any interfacial resistance.
No significant interfacial resistances were 
observed in the water-acetic acid-n-butanol system, but 
in water-acetic acid-toluene system with 10% and 6.9% 
by weight concentrations of solute in the aqueous phase, 
the interfacial resistances were reported to be 6.25x10 
and 1.89x10^ sec/cm, respectively. As mentioned before.
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Davies and Wiggill (36) were not able to detect any 
interfacial resistance for this system.
The foregoing references represent only a part 
of the literature on the subject of interfacial resistance 
to liquid-liquid mass transfer. An attempt has been 
made here to show the variety of approaches to the problem. 
It is probably this diversity in every aspect of the 
studies that introduces controversy as to the magnitude, 
causes, or even existance of an interfacial resistance.
One finds it necessary to compare data gathered 
from such a wide range of mass transfer devices as wetted 
wall columns, stirred cells, flow cells, stagnant cells, 
laminar jets and drops, with each category further 
subdivided by various modifications. The types of 
information gathered from these contactors may be in 
the form of concentration profiles, concentration 
gradients, flux measurements, or total solute transferred. 
There have been several mathematical models proposed 
for analysing the results and these sometimes contradict 
one another. It is no wonder that Tung and Drickamer (158) 
predicted "it will probably be a long time before this 
complex phenomena can be completely explained".
From the above review we can summarise the 
purposes of this part of the work in the following points.
- 23
1. To establish the interfacial concentrations as a
function of time for as short time interval as possible
2. To attain this by using optical interference.
3. To design and build a new type of interferometer
which is sensitive and give concentration values 
directly at each side of the interface.
4. To determine whether or not there is an interfacial
resistance.
5. To study the change of the interfacial tension due
to mass transfer across liquid-liquid interface.
6. To measure the amount of solute transferred as a
function of time.
7. To investigate the disturbances due to Marangoni
and/or density effects.
8. To carry out these studies for plane interfaces
and drops, this requires the design and building 
of special optical cells.
24
CHAPTER II
OPTICAL METHODS FOR THE STUDY OF DIFFUSIONAL 
MASS TRANSFER
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CHAPTER II
Optical methods for the study of diffusional mass transfer
The optical techniques for the study of diffusional 
mass transfer may be classified into three groups.
1) Direct shadow methods
2) Schlieren methods
3) Interferometric methods
2.1. Direct shadow methods
This is the simplest technique in principle. When 
applied to the study of liquids it generally yields only 
qualitative ihformbtion. The method detects differences 
from point to point in the second derivative of the surface 
elevation with respect to the horizontal axis, or from a 
refracted light beam, differences in the divergence of the 
refractive index gradient.
Benard originally employed the method to obtain 
photographs of free surface relief during convection. With 
this method Levengood (93) in 1959 studied evaporative 
convection in pools of methyl alcohol, and Hickman (73) in 
1952 studied surface behaviour of boiling liquids. More 
recently Thompson (154) in 1970 used the method for detecting 
convection in gas absorption systems.
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2.2. Schlieren methods
Schlieren methods are based on the curvature of the 
light path due to the refractive index gradient which 
occurs during diffusion. Arrangements are included to 
transfer angular deflection into an intensity variation, 
so that '‘a shadow graph" record of the refractive index 
gradient is obtained.
The Toepler scanning method achieves the above by 
putting a knife edge in the image plane of the light 
source, thus preventing all or part of the undeflected 
light from contributing to the image of the object.
The arrangement is shown in fig.2.1. A photographic 
plate at the image plane E is driven horizontally across, 
whilst the knife edge is moved vertically at a related 
speed.
The Philpot-Svennson Diagonal slit method is a 
variation on the Toepler system. A diagonal slit is used 
instead of the knife edge; the cell image is focused 
in the vertical direction and the slit image is focused 
in horizontally by a plano-cylindrical lens.
2.3. Interferometric Methods.
Interferometric Methods have tended to supercede 
Schlieren methods as the data obtained is far more 
readily interpreted and the methods are generally more 
sensitive.
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The basis of interferometric methods is that when 
two beams of light originating from the same source are 
made to overlap, either by enclosing or by lengthening 
one beam relative to the other in the region where they 
cross, their corresponding rays generally are no longer 
in phase with one another. Thus a plane surface that 
intercepts the beam in the region of crossing will be 
illunimated with a pattern of interference fringes.
Numerous interferometers have been described in the 
research literature for mass and heat transfer studies, 
of which the following are listed:- Jamin; Michelson; 
Lebedeff; Multiple beam; phase contrast; Gouy; Rayleigh; 
Fabry-Perot; Mach-Zehnder; and the Wavefront-shearing 
interferometer. The latter three interferometers mentioned 
have been the main ones applied to the study of mass 
transfer and convection in horizontal fluid layers.
The present research on mass transfer studies has 
been carried out with the aid of a different interferometer 
namely, a modified form of a Tv/yman-Green. This 
interferometer was designed and built in this laboratory 
and there is no record of it having been used for this 
purpose previously.
29
Fig*2-2" Schematic drawing of the Faby-Perot interferometer*
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For the purpose of comparison a brief desciption of 
principle interferometers is given below.
The Pabry-Perot type used by Benard which produces 
"Fringes of equal thickness"3 is shown schematically in 
fig.2.2. Monochromatic light from a source S is collimated 
by the lens L and is directed vertically onto the flat 
horizontal glass plate G. Here some light is reflected.
The rest 3 transmitted by G, passes through the air film 
between the glass and the liquid layer^ and is then 
partially reflected at the liquid surface F, the remaining 
part of the light passes through the liquid layer and is 
completely absorbed at the bottom surface which is dulled 
and blackened . If Nq and h denote the refractive index 
and the thickness of the plate G 3 and if at a given 
horizontal position the separation between plate 6 and the 
liquid surface F is CI3 the two optical components of the 
ray differ in length by (2d + N^h). "Constructive 
interference"3 producing a bright fringe, occurs when this 
difference in path length is an integral number of 
wavelengths, both ray components having undergone a phase 
reversal upon reflection. In constructive interference, 
those points having fluid elevations such that the air film 
thickness is d will form bright contour lines. A sequence 
of contour lines is produced for a sequence of fluid 
elevations differing by one-half wave length of light 
i.e. fraction of a micron.
- 31
The Mach‘“Zehnder interferometer shown schematically in 
fig.2.3* appears to have been used originally for measuring 
density variations in high speed gas flow systems (91).
More recently (1957) Jenkins and White (81) employed the 
Mach-Zehnder interferometer to determine temperature 
profile in fluid layers heated from below. Lin, Moulton 
and Putnam (100) used this interferometer in their study 
of mass transfer between a solid wall and fluid stream.
Harvey and Smith (67) (1959) used a Mach-Zehnder 
interferometer to study the absorption of carbon dioxide 
in water. Mudge and Heidger (113) (1970) used a 
Mach-Zehnder interferometer to study the effect of surface 
active agents on mass transfer rates in various liquid-liquid 
systems,
Monochromatic light from the source s (fig 2.3) is 
collimated by the lens, L, and is directed toward the 
partially silvered mirror M, which divides the incident 
light into two beams, 1 and 2. Plane mirrors M^ and M^ 
direct the two beams to the partially silvered mirror M|^  
where they are recombined, part of beam 2 being lost by 
reflection and part of beam 1 being lost by transmission at 
M|p By proper adjustment of Mg and M^, the beams emerging 
from M|^  are inclined slightly to one another so that the 
objective lens L^ will project a uniform system of fringes 
on the photographic plate or viewing screen E. The light 
beams are widely spaced, so that a test cell may be inserted 
in one beam without disturbing the other. Variations in 
refractive index within the test section will cause
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variations in the optical path length for the different 
rays of beam 1^ resulting in a shift in the location of 
the interference fringes.
Amongst the disadvantages of the Mach-Zehnder are the 
comparative high cost and the difficulty in aligning the 
mirrors, although this problem is overcome somewhat with 
the use of a laser which produces spatially coherent light.
Examination of the results of several workers who have 
used the Mach-Zehnder instrument indicate that the minimum 
refractive index difference measurable in the region of 
lO” ,^ Thus Mullin et al (113) stated that the maximum and 
minimum refractive index differences that could be 
accommodated on their Zeiss interferometer (similar to 
Mach-Zehnder) were 4 x lO**^  and 6 x 10*"^  respectively.
It is important to note the concentration differences 
that are measurable with most interferometers. Although the 
theoretical sensitivity is given by
X (refractive index change), most interferometers do not
operate at this sensitivity. As is explained by optical
physicists such as Svennson (144), the reason for this
is due mainly to the lack of optical resolution inherent in
the system. The Twyman-Green interferometer constructed
in this laboratory has been shown to differentiate
-5refractive index differences as low as 10
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An interferometer similar to the wave front or 'savarf 
shearing interferometer was described by Lebedeff (92) in 
1930. In the Lebedeff instrument, polarised light passed 
through a biréfringent crystal plate and was separated into 
an ordinary and an extraordinary ray. These rays then 
passed through a half wave-plate before being recombined by 
a second biréfringent crystal plate. The light finally 
passed through a second polariser before entering the user's 
eye. Lebedeff used this interferometer in conjunction with 
a microscope to study the growth of crystals. Interference 
microscopes using this optical arrangement are still in 
use today.
Although the Lebedeff interferometer appears remarkably 
similar to the wavefront shearing interferometer, little 
reference to it appears to have been made over the past four 
decades. The 'Savart" - type of wave-front shearing 
interferometer was first described by Bryngdahl (16) in 
1957 together with accounts of its basic features. The 
theory behind the instrument is presented by Bryngdahl (17), 
Bryngdahl and Ljunggren (18) and Ingelstam (79). Thomas 
and Nicholl (146) used this type of interferometer 
constructed in this laboratory for obtaining diffusion 
coefficients in binary liquid systems. The method was used 
subsequently by Haluska and Calver (60) to determine 
diffusion coefficients for the systems toluene-methyl 
cyclohexane. Thomas and Nicholl (150) used their 
biréfringent interferometer to investigate the interfacial 
turbulance in the COg/aqueous monoethanolamine and COg/KoH 
solutions systems.
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Thomas and Nicholl (l48) showed how a precision 
interferometer using only one Savart plate could be used for 
diffusion studies. Thomas and Khanna (152) used another 
version of the previous wave front shearing interferometer 
with two Savart plates to study the mass transfer of 
carbon-dioxide into a static pool of water. This 
interferometer enabled a direct reading of refractive index 
to be obtained for some distance from the fluid surfaces.
The arrangement of the wave front shearing 
interferometer used by Thomas and Khanna shown in fig.2.4.
A mercury lamp provided a source of light. The narrow 
discharge from the lamp focused through a short focal 
length condensing lens, L^, through a green filter thus 
producing monochromatic light to a horizontal adjustable 
slit. By means of the achromatic doublet L2, and the slit, 
parallel light was obtained. By and , the light was 
collimated through the first Savart plates SPla and SPlb.
By means of L||, an image of the cell plane was obtained in 
the image plane 1. An optical reduction was also introduced 
by to keep down the dimensions of the Savart plates.
By means of L^, the image plane was transformed to the 
image plane 2. Polarizers PI and P2 were placed before and 
after the Savart plates.
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Two problems arise in using the wave-front shearing 
interferometer for mass transfer studies. A double image 
occurs which makes it difficult to measure the change in 
concentration at the interface itself. The point value of 
the refractive index is measured relative to the refractive 
index at a layer in the bulk liquid. Provided the 
concentration of the latter does not change then absolute 
values of refractive indices can be obtained but otherwise 
they become relative only.
It would appear from studies made that optical methods 
lend themselves particularly well to studies of concentration 
changes occuring in liquids during mass transfer. To study 
changes in concentration which occur at and very close to the 
interface it is necessary to develop an interferometer having 
great sensitivity and the ability to measure directly 
absolute values of concentration. The modified Twyman-Green 
interferometer developed and constructed in this laboratory 
was successful in achieving these aims. It is the first 
work carried out with such an interferometer for such a 
purpose.
The problem of double image obscuring the interface is
avoided. The measured refractive index is an absolute not
a relative value. It is a very sensitive interferometer
-5measuring refractive index to as low as 1 x 10 Other less 
important but useful properties of the new interferometer 
are its ease of operation and comparative simplicity.
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CHAPTER III.
EXPERIMENTAL DETAILS.
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CHAPTER III.
Experimental Details.
The experimental equipment was housed in a 
large, concrete floored, ground floor dark room to 
minimise vibrations. The comparatively large volume 
of the room prevented very accurate temperature control 
of the ambient conditions. However, the temperature 
could be kept within “0.5*^C during a series of runs. 
Since both of the liquids being used were identically 
thermostated, no real problem was presented, since it 
was more important that the temperatures were identical 
rather than control of their precise values.
The general layout of the apparatus is shown 
in Fig 3.1. A detailed description of the individual 
parts is given below.
3.1. The Twyman-Green interferometer.
In 1916 Twyman and Green, by a slight modification 
in optical set up, adapted the Michelson interferometer 
to the testing of prisms and lenses. This has since 
become recognised as one of the most valuable ways 
of testing such optical components (39)a (20), (142), and 
(155). The essential feature was the introduction of 
strict Pizeau“type collimation. Michelson's set-up
%
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normally required an extended source, whereas in the 
Twyman-Green system a point source at the focus of a 
well corrected lense gave a parallel beam. The arrange­
ment was referred to as the Twyman-Green interferometer.
Despite the success the Twyman-Green 
interferometer had in testing optical components it 
has never been used until this present work, in studying 
diffusional mass transfer. The interferometer used in 
this work was based on the original Twyman-Green 
interferometer principle but has been modified and 
constructed in this laboratory to suit the purpose of 
the studies, namely an investigation of the nature of 
mass transfer across interfaces.
The arrangement of the modified Twyman-Green 
interferometer used in this study is shown in Figure 3.1 ,
The actual optical lay out is shown in Fig. 3.2 , The 
optical components were mounted on a two storied wooden 
base. The base was covered with a black layer of 'formica'. 
The 'formica' was stuck to the wood with 'araldite'.
The wooden base rested on a metal frame-work which was 
separated from the floor by rubber blocks to eliminate 
vibrations. A rectangular opening in the top story of 
the wooden base was made large enough to accommodate a 
diffusion cell and its holder. The latter was supported 
on the lower story on a platform. The cell was properly 
placed to be in the optical path of the system (Fig, 3.1.).
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A 125 w low pressure mercury vapour lamp provided 
the source of light. The narrow discharge from the lamp 
was focused by a condensing lens (L^) of short focal 
lengths through a filter isolating green light of wave 
length 5.461 x 10  ^ cm, on a small pin hole in a diaphram 
placed at (H), The point source, so formed, was at the 
focus of the lens (L^). Plane waves emerging from this 
lens were partly reflected and partly transmitted by the 
half silvered mirror (M^). The reflected light was again 
reflected by the mirror (Mg) and was focused by the lens 
(L^). The transmitted portion of the light passed through 
the cell, was reflected by (M^) back through the cell 
and reflected by (M^) on to the lens (L^). When the light 
reflected by(M^)reached the lens (L^) it interfered with 
the light reflected by (Mg). As the two light beams 
which reached (L^) only had a small optical path difference 
they interfered, together and a set of interference 
fringes were produced.
The geometrical conditions which the mirrors 
must satisfy are:-
1. The normals must be co planar.
2. The half silvered mirror must bisect the angle 
between the two fully silvered mirrors, having 
been set perpendicular to the incident rays.
— il /.l —
Less Dense Solution
Exit slit
Denser solution
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The two beams need not be perpendicular and 
in practice they were not. The above conditions were 
satisfied, if the images formed by the mirrors coincide 
with the pin hole and simultaneously coincide with one 
another. This was achieved by the fine adjustment of 
the mirrors as described below in No, 4.
3.2. The flowing-junction cell.
Accumulated experience in this laboratory 
from the work of Thomas et al helped considerably in the 
design and construction of metalic cells for interfero- 
metric mass transfer studies. Thomas and McNichol (150) 
described a gas liquid absorption cell used by them for 
the studying of interfacial turbulence. A cell of the 
flowing-junction type was constructed by Thomas and 
Purser (47) and is diagramatically shown in Pig. 3.).
It contained one exit slit and two optically flat parallel 
windows. It was found that with one exit slit and the 
arrangement shown in Pig. 3»3. that the interface 
oscillates up and down as each phase alternately wets 
the port and flows from the cell. An initial condition 
necessary for an elucidation of the mechanism of the 
diffusion associated with mass transfer between immiscible 
phases in a stagnant system is to have a sharp boundary 
initially. The approach to this initial condition with 
one exit slit is quite poor.
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Various schemes have been devised for withdrawal 
of the solutions at the interface in mass transfer studies 
or at the boundary between solutions of different 
concentration in diffusion studies. Khan and Poison (85) 
used a capillary to withdraw the solutions from the 
boundary region during the establishment of a sharp 
boundary and slowly removed the capillary after cessation 
of flow to the cell. Difficulties inherent in this 
technique include the disturbance of the system during 
the removal of the capillary, the establishment of a 
non-uniform flow pattern in the vicinity of the capillary 
tip, and difficulty in providing a seal around the capillary 
to prevent evaporation of volatile liquids. These problems 
are doubled with liquid-liquid mass transfer studies since 
two capillaries, one for each phase, would be required to 
give uniform flow of the two phases through the cell.
Many investigators (3), (19), (123), have 
successfully used diffusion cells with horizontal slits 
on one or both sides of the cell to withdraw solutions 
during the establishment of a sharp boundary. Such slits 
are usually 0.05 mm in height and run the entire length 
of the cell.
With slits in both sides of the cell in the 
same horizontal plane, either the organic phase or the 
aqueous phase would persist in flowing exclusively through 
one or both slits. Such a flow pattern causes the inter-
- 47 -
Aqueous phase inle
Aqueous phase 
outletOrganic phase outlet
Organic phase inlet
Pig, 3,%. Offset slit arrange me n t
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face to oscillate up and down, which makes the establishment 
of any initial condition impossible.
Offsetting of the slits in the horizontal plane, 
as shown in Pig. 3.4., alleviated the problem of the 
interface movement after cessation of flow to the cell 
to a considerable extent. The problem was completely 
eliminated by careful adjustment of the inlet and outlet 
flow rates of both the organic and the aqueous phases.
With offset slits of proper width the two phases 
flowed counter-currently near the interface, each phase 
leaving through s. separate slit on opposite sides of the 
cell as shown in Pig. 3» 4. This arrangement gave a 
satisfactorily flat interface and a uniform initial 
concentration in the two phases.
The cell used in this study was originally 
used by Thomas and Nicholl (109) as a gas-liquid cell.
The cell was modified for use as a flowing junction 
liquid-liquid cell for the present work.
The cell and the stand are shown in Pig. 3.5.
Pig. 3.6. shows the inside of the cell after removal 
of the glass windows. The path length through the cell 
is 7.8 cm, the cell width is 5.2 cm and its total inside 
height is 7*7 cm. The cell originally had two optical 
flat windows 10 mm thick which were clamped parallel to 
the precision machined faces of the cell by 12 screws
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held in place by springs. When the windows were 
assembled in the cell, no fringes could be seen in the 
interferometer. The reason was that the screws caused 
stress in the glass and the windows acted as imperfect 
lenses, which disturbed the light beam. A new method 
for fixing the glass windows to the cell was developed 
to eliminate stress in the glass. By this method two 
precision machined stainless steel plates, 10 mm thick, 
were used to hold the glass countersunk inside the machined 
recesses. The screws then pressed the stainless steel 
plates to the cell without causing any pressure on the 
glass. The plates were 7.5 cm wide by 11.5 cm long.
The assembly was such that a hole, 4 cm wide by 6 cm long, 
was machined out of the centre of each plate. A recess 
5 cm wide by 7 cm long was machined through half of the 
thickness of the plates, allowing 5 mm width platform 
for the glass plate to rest on (Fig. 3.8). The glass 
plates were cut to fit exactly in the metalic grooves,
'Silcoset* was then used to seal the outside 
of the windows in the plates; great care was taken to 
ensure that no 'silcoset* would be in contact with the 
liquids inside the cell. Windows counter-sunk into the 
stainless steel plates are shown in Pig. 3.7. Pig. 3'.7a. 
shows the assembly of the glass window in the metal plate. 
Pig. 3.7b shows the side of the metal plate which is in 
contact with the liquids inside the cell. Pig. 3.8. 
shows the stainless steel plate without the glass window.
' . É
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The stainless steel plates (with the glass windows inside 
them) were then clamped to the cell by 7 screws which 
were fixed to a 5 mm thick stainless steel plate. This 
plate in turn was fixed to the cell body by 10 nuts and 
bolts (Fig. 3.5)* The cell was fitted with two horizontally 
offset slits on both sides. The slits were 0.5 mm thick 
and were cut along the entire cell length (Fig. 3.6).
A baffle in the top of the cell was used in order that 
the lighter liquid phase was introduced on to the cell 
walls, so that the interface was undisturbed (Fig. 3.6).
The gasket used between the cell face and the stainless 
steel plates was florinated synthetic rubber ’Vinescol 23’ 
which has an outstanding resistance to organic solvents.
The glass windows were 5 cm wide by 7 cm long and 5 mm 
thick plate glass. Previous workers such as Thomas and 
Nicholl (150) or Caldwell, Hall and Babb (19) have 
considered expensive optical quality glass plates necessary 
for interferometric work. By comparing results obtained, 
using optical flats which were flat and parallel to one 
tenth of a wave length of mercury light with those using 
polished plate glass, it was found that the plate glass 
windows had suitable optical qualities for this 
interferometric work. This fact was supported by Heideger 
and Vasudev (72).
The liquids were stored in glass reservoirs.
The flow lines connecting the reservoirs to the cell were 
all made of 'vinescol 23' flurinated rubber. The valves
used were all 'quick-fit' glass valves and no grease 
was used in any part of the apparatus. New clean 
rubber tubes were used for every experiment. All the 
glass work was washed with chromic-sulphuric acid 
cleaning solution, followed by water then rinsed with 
acetone and dried with air. Pig. 3.9 shows a flow 
diagram of the apparatus.
3.3» Electronic accessories.
The importance of obtaining permanent 
records of interferograms with sufficient clarity 
and magnification was of course a basic necessity 
of this work. This task was achieved with the aid of 
a closed circuit T.V. system in conjunction with a 
suitable cine camera. The image was focused on to the 
vidicon tube of Pye T.V.T. "Lynx" automatic T.V, camera.
The camera was fitted with an P.E.T, to increase its 
sensitivity. In this way the camera provided good 
quality pictures for long periods of time. It was 
operated on 625 lines 50 fields/sec.
A suitable number of extension tubes were 
fitted to the camera to keep the amount of stray light 
reaching the vidicon tube to a minimum. This was essential 
to obtain maximum contrast of fringes. The signal from 
the camera was fed to a Pye T.V.T. 19 inch video television 
monitor, type 191, operating on 625 line standard. The
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monitor was equipped with six channels.
The magnified image of interference bands 
was recorded by a Beaulieu R.16 electric cine camera 
fitted with a ’syno’ electronic regulation dystem ensuring 
accurate film drive essential for synchronisation of film 
speed with the T.V. scanning beat.
The film used was Ilford Mark V cine film with 
an A.S.A. rating of 200. A "Dallmeyer" Ultrac Anastigmat 
lens was found to be the most suited for this work and 
it was therefore used on the cine camera.
3.4. Experimental Procedure.
A preliminary experiment was always necessary 
to adjust the interferometer to obtain the sharpest 
possible fringes. The phase chosen for examination was 
introduced to the cell. The images caused by the light 
beams which were reflected from the mirrors (Mg) and (M^) 
coincide with the pin hole (H) and simultaneously coincide 
with one another, this was achieved by use of five 
adjusting screws fitted in the mirrors’ holders. The 
mirror (Mg) was then moved backwards and forwards until 
the sharpest possible fringes were obtained on the T.V. 
screen. The mirrors were then left in this position 
until all the experiments concerning the chosen phase
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Were performed. Only fine adjustment of the mirror (M^) 
was then required. Before experiments with the second 
phase were carried out, the above procedure was repeated
The plate glass windows were always soaked in 
a chromic acid-sulphuiic acid bath over night to ensure 
elimination of any grease. The metal surfaces of the 
cell in contact with the liquids were thoroughly cleaned 
before each run, firstly with fine metal polish, then 
washed thoroughly in a warm detergent mixture, rinsed 
with distilled water followed by acetone and dried with air, 
This procedure ensured a clean grease free finish to 
the parts of the cell which were to come into contact 
with liquid. The cell was then assembled and mounted 
in its position in the interferometer (Pig. 3.Ï), where 
it was accurately levelled to ensure light would go 
through the cell parallel to the liquid surface. This 
important point was checked optically to ensure perfect 
operation of the interferometer. The reservoirs containing 
the solutions for each run were fixed in their places.
The cell and the solutions were left for four hours to 
attain thermal equilibrium at the room temperature.
The first and most important step in performing 
a run was the filling of the cell. The procedure can be 
described with reference to the flow diagram in Pig. 3.9-.* 
The carbon tetrachloride (denser) phase was introduced 
into the cell through an inlet hole 5 cm from the cell
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bottom. The rate of flow was adjusted so that the 
carbon tetrachloride phase would flow as a thin film 
on the cell wall and fill the cell to the level of the 
slit. The rate of flow was then readjusted to keep the 
level of carbon tetrachloride phase in the cell constant 
i.e. all the liquid flowing in would flow out of the 
lower slit. It was found in the preliminary experiments 
that introducing the carbon tetrachloride phase through 
an inlet hole in the middle of the base of the cell caused 
the interface to vibrate up and down. The aqueous phase 
was then fed into the cell through the top (Fig, 3.9), 
its rate of flow into the cell being adjusted to be 
slightly faster than its outlet flow, in this way the 
top half of the cell could be filled with the aqueous 
phase. When this was achieved the inlet rate of flow 
was readjusted so that it was equal to the outlet rate 
of flow, i.e. all the aqueous phase flowing in would flow 
out through the higher slit. The mirror (M^) was then 
readjusted by the fine screw to obtain a suitable fring 
spacing.
Approximately 175 ml of each phase (the aqueous 
and the organic phase) were run through the cell simultan­
eously, this was more than the volume necessary to give 
uniform concentrations in both phases. The liquid level 
of each phase in the reservoir was kept constant in order 
that a constant rate of flow could be obtained during the 
course of the experiment.
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It is important to mention that a long time 
was spent in preliminary experiments to find the best 
operating conditions. The optimum flow rate for each 
phase was found and also to gain experience in fine 
adjustment of the flow rates. Rates of flow which were 
too high caused an unstable interface, and rates of 
flow which were too slow resulted in contamination of 
the organic phase.
When a clean interface was established the 
flow through the cell was stopped, this marked the 
experimental zero time. The cine camera was started 
at the same time by using a remote control foot switch. 
At the end of each run an accurately machined metallic 
rod (to + inch) was introduced in front of the
cell window to record the magnification during the run.
3.5. Elimination of the meniscus.
In a clean cell the meniscus formed between the 
aqueous phase and the carbon tetrachloride phase was 
about 0.2 cm deep. The form the meniscus took is 
shown in Pig, 3-lOa. Owing to the reflection of light 
at the curved portion of the meniscus, it was impossible 
to observe the interfacial concentration in the aqueous 
phase, hence to study the changes in the interfacial 
concentrations in this phase it was necessary to eliminate 
the meniscus. It is important to notice that the presence
6l
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of a meniscus having the shape shown in Pig. (3-lQa) 
presented no problem in studying the carbon tetrachloride 
phase since the light beam could pass through the phase 
unaffected.
In 1952 Ward and Broad (I60) noticed that if 
the glass tube was covered by a film of grease the 
meniscus was inverted, they exposed the tube to the 
vapours of 'Teddol* (a preparation of the type Me^ 8iP), 
which was strongly adsorbed, to obtain a meniscus as 
nearly flat as possible. Nichol (109) described a 
technique to eliminate the meniscus by the use of a 
silver knife edge. Holland (76) used glass which was 
cleaned in a vapour of n-butanol and vapour coated with 
trimethyl chlorosilane to eliminate the meniscus. Mudge 
and Heidger (112) modified and used this technique success* 
fully to reduce the meniscus to less than 0.3 mm. When 
Mudge and Heidger’s modified method was tried during the 
preliminary experiments in this laboratory it was not 
successful, due to the difficulty in locating the boundary 
between the hydrophilic and hydrophobic portions of the 
glass plates with the slits.
Since the operation of the Twyman-Green 
interferometer does not allow the simultaneous observation 
of changes in concentration in both phases, in our case 
the two phases were studied separately under the same 
initial conditions. This made the elimination of the
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meniscus not necessary as only the inversion of it, 
as in Fig. 3.10b, would be sufficient. It was decided 
not to use any coating on the glass to avoid contaminating 
the liquids inside the cell.
The method used to invert the meniscus in this 
work was a simple combination of the knife edge and the 
glass coating techniques. A sheet of aluminium 0.2 mm 
thick was precisely machined so that the top edge coincided 
with the top of the lower slit level. The aluminium sheet 
had two arms which ran horizontally across the total width 
of the glass windows. This ensured that an aluminium 
sheet 0.2 mm thick was stuck to each window at the level 
of the interface. The presence of this aluminium layer 
caused the interface to be inverted as in Pig. 3.lQb.
The water used in the runs was distilled and 
deionised. Analytical grade reagents were used. Water 
and carbon tetrachloride were shaken in a separating 
funnel and left over night to attain mutual saturation 
before commencing a run. The acetic acid solution was 
prepared and left for further time to ensure thermal 
equilibrium was reached.
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PROPERTIES OF SYSTEM COMPONENTS
1. SOLVENTS Table (3.1)
Component Specific Gravity Refractive index Solubility
Water 1.000 ^ 1.333 21°C
Carbontetra­chloride 1.577 1.4590 21°C
0.08 g/ lOOg HgO 2Q0C
2. SOLUTE Table (3.2)
Component Diffusivity in water (D^) Diffusivity in CCly(D2) Solubility in water
-
Specificgravity
Aceticacid 1 . 0 5 x 1 0 " 52cm /sec (166
1.447x10“  ^
)cm^/sec (So]
00 1.049 20°C 4
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CHAPTER IV
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CHAPTER IV.
Interfacial tension measurement.
4.1. Introduction.
In 1947 Hutchinson (78) noticed that the 
presence of surface active agents caused a great retard­
ation in the rate of mass transfer of alcohols across a 
benzene-water interface. He measured the interfacial 
tension of various systems and used these measurements 
qualitatively to support the hypothesis that interaction 
in the film of the surface active material was responsible 
for the retardation. No quantitative interpretation 
for the relationship between the interfacial tension 
and the interfacial resistance was given. Later in 
1952 Tung and Drickamer (158) reported the presence of 
an interfacial resistance in the order of 4 x 10^ sec/cm 
for the transfer of tagged sulphur compounds across 
liquid-liquid interfaces, and they mentioned that the 
interfacial tension wa,s not the only important element 
in the resistance. Sawistowski (129) has given a com­
prehensive review on the influence of interfacial tension 
driven instabilities on the rates of mass transfer in 
liquid-liquid systems. Again, no attention has been 
given to the interfacial tension values and their 
relation to the interfacial resistance.
Despite the fact that interfacial tension is 
one of the most important properties of the interface, 
the absence from the literature of any quantitative 
correlation between the interfacial tension and resistance
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is remarkable. This fact prompted the present develop­
ment of a programme of studies to measure interfacial 
tension at différent solution concentrations. If it 
came out accurately it was hoped to find a correlation 
between interfacial tension and interfacial resistance.
Many methods have been proposed for the 
measurement of surface and interfacial tension, and each 
may be said to have advantages for particular applications 
Of seventeen methods listed by N.E. Dorsey (40) only 
a few are in common use. The popular methods can be 
classified as follows :
a. Static methods independent of any solid,
b. Static methods involving a solid.
c. Dynamic methods independent of a solid.
d. Dynamic methods involving a solid.
Usually measurements are made in a static 
manner, and are intended to indicate the properties 
of the surface at its equilibrium, condition. The static 
methods all purport to measure the same property, but 
they may differ greatly in suitability for individual 
purposes, A valuable general discussion of these methods 
has been given by Adam (2), In theory, methods of 
class (a) are preferable to the rest.
At the present time one of the basic methods
~ 68 -
for determining surface tension involves the use of a 
capillary tube, by measuring either the capillary rise 
or else the hydrostatic pressure needed to restore the 
meniscus to its normal level. The results are calculated, 
following Sugden (145), with the help of the tables of 
Bashfort and Adams (11) for the shape of free surfaces 
of liquid. To obtain accuracy, however, extreme precautions 
are needed, and the method is not well adapted to routine 
use. A number of secondary methods have therefore been 
evolved, which are more rapid in operation. The maximum 
bubble pressure method of Sugden (l46) has a theoretical 
foundation, being based also on the tables of Bashforth 
and Adams, The dropweight method of Harkins and Brown (63) 
and the ring method of De Nouy (38) are more empirical.
All these techniques for measuring surface tension depend 
finally upon comparison with the capillary method using 
such liquids as benzene. Generally they involve enlarging 
and breaking the surface of the liquid, and therefore 
are not strictly static in nature.
The pendant drop method was developed by 
Andreas, Hauser and Tucker (4). The method was based 
on measurements of the shape and size of pendant drops.
The use of pendant drops has been suggested by several 
workers, such as Worthington (167) s (168) and Ferguson (43), 
but proposals have usually involved difficult measurements, 
as of the position of points of inflexion on the profile 
of the drop. Andreas et al (4), suggested a simpler
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method of calculation. With the Andreas development 
the pendant drop method became, as mentioned by Bikerman (l4) 
deservedly more popular than those of capillary rise, 
capillary pull, contraction of the jet radius, capillary 
waves, or the ring "tensiometer”.
The Andreas et al pendant drop method was 
therefore modified in this laboratory and used to measure 
the changes in interfacial tension with concentration.
The method was chosen for the following reasons, after 
reviewing a large number of techniques for measuring 
the interfacial tension:
a. The method is static, a condition which was necessary 
in our work.
b . The interface was observed optically in a closed 
cell which made the conditions similar to those under 
which the interfacial concentration was measured by 
the interferometer.
c. The use of a closed cell minimised the possibility 
of contamination of the solutions and allowed better 
temperature control.
d. The method was simple and very accurate.
e . It was possible to use the same optical set up for
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observing the eruptions of the interface which occurred 
during mass transfer at high concentrations.
The Pendant Drop Method.
4,2. Apparatus.
The apparatus used by Andreas et al was modified 
in this laboratory to simplify the operation and increase 
the accuracy of the results. The apparatus used in this 
study is shown in Pig. (4.1). The actual optical lay out 
is shown in Fig. (4.2..), The optical components were 
mounted on a one metre long optical bench, of triangular 
cross section. The optical bench was mounted on the 
top of a heavy table, A closed circuit T.V, system was 
used for the first time to obtain good quality pictures.
The use of the T.V. system simplified the operation 
and increased the accuracy, since it was possible to 
observe and cine photograph the drop during its formation, 
and hence to obtain the right drop size. Also it wa,s 
easier to fit the cylindrical glass tip, from which the 
drop was formed, at the right position.
The drop hung from a vertical, cylindrical 
tip in a constant temperature glass cell. The cell 
(Fig. 4.3) was designed and used for the first time 
in this work. The main function of the cell was to 
keep the liquids (both the continuous phase and the 
drop) at constant temperature, and to be ensured of having
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good quality glass windows for satisfactorily 
photographing the drop. The cell used by Andreas et al 
was rather complicated and bulky. The cell used in this 
work (Pig, 4,3). was made of an internal horizontal 
glass cylinder 2.5 cm diameter which had two plate 
glass windows welded to its ends, A vertical glass 
cylinder 1.25 cm diameter, was welded to the horizontal 
cylinder half way through its length (Pig. 4.4). The 
internal cylinder was surrounded with a larger 5 cm 
diameter glass cylinder welded from the ends to the 
internal cylinder. The external cylinder had an inlet 
and outlet for circulating water (Pig, 4.4), Water from 
a tank containing a thermoregulator was pumped through 
the external cylinder round the internal cylinder where 
the liquids were placed. Vibrations set up by the pump 
were absorbed by flexible rubber hose connections 
between the pump and the cell, the tank itself was 
placed on a rubber layer on a different table. The 
above arrangement maintained a constant temperature 
inside the cell to within - 0.02°C.
Drop forming tips for interfacial tension 
measurements were conveniently made by welding short 
lengths of Pyrex tubing on standard 50 c.c, hypodermic 
syringes. The syringes were then placed in a specially 
modified micrometer (Pig. 4,5) which gave a means of 
accurately controlling the pressure on the drop, and 
hance an accurate control of the drop size.
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It was desirab le that the end of the tip be made from 
tubing having a circular cross section, and that the end 
be cut off at a right angle to the vertical axis.
However microscopic perfection was not essential, since 
the liquid surface tended to bridge over any minor 
irregularities. The measurements were made at points 
on the liquid surface which were remote from the end 
of the tip and where the influence of imperfections 
in the shape of the tip was normally negligible.
The light from a 100 W high pressure mercury 
vapour lamp was focused by a condensing lens (L^) of 
a short focal length, then passed through a green filter 
(F), producing a parallel monochromatic light beam.
The light beam then passed through the cell, then to 
a standard microscope objective of 48 mm focal length 
which was equipped with a telecentric stop (Pig, 4,2). 
The drop image was then focused on to the vidicon tube 
of the T,V. camera. The signal from the camera was 
fed to the video television monitor. The magnified 
image of the drop was recorded by a M.P.P. 5" x 4" plate 
camera. The film used was Ilford FP4 panchromatic 
safety film with an A.S.A. of 200.
4.3. Experimental Procedure.
All the glass work used was washed with chromic 
acid and sulphuric acid cleaning solution, rinsed with
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HgO and acetone and dried with air. Equal volumes of 
water and carbon tetrachloride were measured into 500 c.c. 
conical flasks. Various amounts of the solute (glacial 
acetic acid) over an adequate range were added to the 
contents of the flasks. The flasks were shaken and left 
over night in the thermostatically controlled bath.
Samples of each layer were then analysed with 0.1 N 
potassium hydroxide solution using phenol phethaline 
as indicator.
The glass cell was then filled with the water 
phase and placed in its position on the optical bench, 
then cooling water circulation was started. The carbon 
tetrachloride phase was kept in the constant temperature 
bath, 20 c.c. of the carbon tetrachloride phase were 
sucked up in the hypodermic syringe. The syringe was 
then placed in the micrometer and introduced into cell. 
Using the micrometer, the drop was formed to the size 
required and then photographed by the camera.
4.4. Method of Calculation.
Taking the origin at the bottom of the drop 0, 
a,nd co-ordinates x and Z in horizontal and vertical 
directions respectively (Pig, 4.6), the equation for 
the profile of a liquid surface of revolution may be 
written as
i + = 2 +
- 7 9 ”
v__
Fig,4»6e Pendant drop
where
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r = the radius of curvature at the point 
(x,Z) (Pig. 4.6)
<p = the slope at the point (x,z)
and g(Ap)b^Y 4.2
where
Ap = the difference in density between the two 
fluids
g = the acceleration of gravity
Y = the interfacial tension.
b = the radius of the cirvature at the origin
By rearranging equation 4.2a it is possible to
express the boundary tension as a function of the two 
parameters 3 and b and of the effective specific weight 
(g Ap). No method is known by which either 3 or b 
can be determined precisely and quickly from a picture 
of a drop. We must therefore transform equation 4,2 
to a. form which uses parameters whose values can be 
measured easily and accurately.
The size of a drop is most conveniently measured 
from its diameter at the * equator’ (d^), and the shape 
can be described by giving the ratio of the diameters 
measured at tw^ o different horizontal planes. If one
diameter is at the plane of the ’equator’, and
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the other is taken at a distance from the end of the 
drop equal to the equatorial diameter, d^ (Pig. 4.6) 
the shape can be described by the ratio
dS = It.3e
where d^ = the diameter at the equator
d^ = the diameter at the arbitarily selected 
plane
It has been shown that the quantities 3 and 
S are functions of the drop shape. A third quantity 
which is a function of the drop shape is the ratio 
of the diameter at the equator to the radius of 
curvature at the origin 0, d^/b. Accordingly we can 
define a new quantity
VH = B(çÊ) 4.4
Equation 4.2 can now be solved for y, combined 
with equation 4.4, and used in conjunction with a table 
of values of H as a function of S to determine the 
value of the interfacial tension from a photograph of a 
pendant drop
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Prom equation 4,5 if we know the values of 
Ap and g the interfacial tension can be calculated.
A highly accurate set of tables were given by Pordham (44) 
(Appendix E) for values of 1/H against values of S.
The procedure for calculating the interfacial 
tension was simple. The equator diameter (d^) was 
measured accurately, by the use of a travelling microscope, 
from the drop picture. The diameter at another plane 
(d^), at a distance from the end of the drop equal to 
the equatorial diameter d^, was also measured. Knowing 
the ratio S (dg/d^), the value of 1/H was then 
obtained, from the table of S against 1/H. Knowing 
1/H, d^, Ap and g, the interfacial tension was calculated 
from equation 4.5.
4.5. Results.
Pig, 4.7 shows the change of the interfacial 
tension with the concentration in the carbon tetrachloride 
phase, Pig, 4,8 shows the drops at four different concen­
trations ,
It is important to notice that this apparatus 
as it stands can be used in conjunction with a cine 
camera to measure the change of the interfacial tension 
during a mass transfer operation across the interface.
Also it can be used to determine the critical concentrat­
ion at which eruptions of the drop surface start to occur.
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Fig 4 .8a  Pure Carbon tetrachloride drop in pure water
Fig 4. Bb Carbon tetrachloride phase drop in water phase
Initial acetic acid concentration = 0 . 1  gm m ol/litre
Fig 4. 8c Carbon tetrachloride phase drop in water phase
Initial acetic acid concentration = 0. 33 gm m ol/litre
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Fig 4. Bd Carbon tetrachloride phase drop in water phase
Initial acetic acid concentration = 0 .5  gm m ol/litre
Fig 4. Be Carbon tetrachloride phase drop in water phase
Initial acetic acid concentration = 0 .7  gm m ol/litre
~ 8.6 ”
Y dyn';/cm
The change of interfacial resistance with the change of interfacial tension.Fig
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These measurements were beyond the scope of this work 
since the aim of this part of the work was to find a 
correlation between the interfacial resistance and the 
interfacial tension. However Fdgs. 4.10and 4.11 show 
the eruptions during mass transfer at high concentrations 
(0.5N and 0.3N respectively), for the systems carbon 
tetrachloride-acetic acid-water and chlorobenzene-acetic 
acid-water respectively.
N.B.
Eruptions have been recorded by Schlieren 
techniques (129) but it has not been stated clearly 
that in fact these surface eruptions are concentration 
dependent. It has been shown in the present studies 
that they are in fact concentration dependent and we 
have worked at concentration levels well below any 
critical region where eruptions would be expected.
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Fig 4-10 Eruptions accompanying acetic acid transfer from a carbon 
tetrachloride drop to pure water.
Initial acetic acid concentration in the drop = 0 . 5  gm m ol/ litre
- 8 9 “
i
Fig 4 - 1 1  Eruptions during acetic acid transfer from a chlorobenzene drop to pure water. Initial concentration of the acid in the 
drop = 0.3 gm m ol/litre
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CHAPTER V.
Analysis of Data.
All optical experimental results were obtained 
from observations recorded by analysis of interferograms 
of the mass transfer process recorded on cine film as 
described in the section of the thesis concerned with 
optical details. The 16 mm film recording the process, 
once developed, was run through a frana analysing projector 
(a mute projector with frame counter, individual and 
variable speed projection incorporated). The number of 
frames between the beginning of the experiment and 
any point thereafter in the mass transfer process was 
then able to be accurately determined. Once it was 
decided which frames needed further analysis, the film 
was either magnified to 100 times on a shadow-graph, 
from which a permanent record of fringes could be obtained 
with the aid of transparent graph paper (enabling the 
curved frin^to be sketched) or the frame could be 
enlarged and printed on appropriate photographic paper.
5.1. Practical interpretation of Results.
A typical fringe as seen during the liquid- 
liquid mass transfer studies is shown in Pig. (5*1).
Whether the fringe bent to the left or to the right depended 
on the setting of the mirror (M^) (Pig. 3.2). and 
whether the refractive index at a point on the fringe
•Vi
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typical fringe
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had Increased or decreased. The fringe spacing S 
depended on the setting of the two mirrors and M^. 
The fringe shift m was a function of the concentration 
of the transferring solute at the interface.
5.1.a. The sensitivity of the interferometer.
The wave length of light (X) used in the 
interferometer was 5.41 x 10 ^cm. Now, supposing the 
fringes were displaced by an amount equal to one fringe 
spacing. Then the total light path through the cell 
at this condition would have increased or decreased by 
one wave length.
Since in the Twyman Green interferometer the 
light beam passes through the cell twice then the 
original light path = 2 1 n^ 
the new path length at time t = 2 1 n^
where 1 is the cell pass length andn is the refractive 
index,
But for the special case under consideration 
2 1 n^ = 2 1 n^ + X
= 2 1 n^ + 5.41 X 10“^
With a cell of path length 7.8 cm, the change in 
refractive index (An) is given by
9 4
An = n. - n = X 
^ ° 21
= 5.41 X 10"52 X 7.»
3.526 X 10“® 5.1
This is for a fringe shift of one fringe. For a greater 
number of fringe shifts it follows
An = 3.526 x loT^ m8
where m and s are the fringe shift and fringe spacing 
respectively (Fig. 5.1).
The relationship between refractive index and concentration.
In order to obtain concentration values instead 
of refractive index values as recorded by the interferometer 
an accurate experimental apparatus is required. Such an 
instrument recently developed at the National Physical 
Laboratory was used in the present study. The values 
obtained were away the first such values recorded with 
the new "polaremetric refraotometer". This refractometer 
had a sensitivity of 2 x 10  ^ for a range of 0.025. A 
brief description of the "polaremetric refractometer” 
and the values of the change in refractive index with 
concentration are given in Appendix A.
For example, in the case of an acetic acid 
solution in carbon tetrachloride, at 21^0, the
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refractive index of pure carbon tetrachloride is 
1.4584, and the refractive index of normal solution of 
acetic acid in carbon tetrachloride is 1.4522 i.e. a change 
of concentration, of acetic acid in carbon tetrachloride, 
of 1 gm mole/lit corresponds to a change in refractive 
index of 6.2 x 10 ^. Since the concentration is directly 
proportional to the refractive index, (as could be seen 
from Appendix A) then from equation 5.1, the change of 
concentration, of acetic acid in carbon tetrachloride, 
corresponding to a fringe shift of one fringe =
5.526 X 10"5
6.2 X 10 ^
5.686 X 10~^ gm mol/lit 5.2
The change in concentration, of acetic acid in carbon 
tetrachloride, corresponding to any number of fringe 
shifts = 5.686 x 10  ^ x m gm mol/lit 5.3
“" 7= 5.686 X 10 • X m gm moles cu cm
The point of intersection of a fringe with the interface 
(Fig. 5.1) defines m^, then m^ can be used to find 
from equation 5.3. This is  ^ the absolute value of C 
at the interface and is denoted by opt'
96
5.1.b. Relationship between the area under fringe and 
total amount of mass transfer.
From the previous discussion it follows that 
at any depth X mm from the interface where the fringe 
shift is m^5 using equation 5.3» the concentration 
can be obtained knowing m^ . The area A, under the fringe.
is given by
A = * 2 m.x 5.4
X  = o
where x^ as shown in Fig. 5.1.
The total amount of m mass transfer is given by
«t opt %   ^ 5.5
where x is in cm.
It follows from equations 5*3 for a solution of 
acetic acid in carbon tetrachloride
X = Xf
\  opt = 5.686 X 10-7 ^ ^ I X
■ 4 ^  « I i 7  -  5.6
From equations 5.4 and 5.6
 = 5*686 X 10 X A gm mol 5*7t opt — ^  mSF—
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5.2. Theoretical equations.
Using the theory of heat conduction as developed 
by Carslaw and Jaeger (22) as a model, equations for mass 
transfer have been derived by numerous workers assuming 
the presence of an interfacial resistance to mass transfer. 
Chiang and Toor (21) proposed equations relating the time 
dependent parameters. These equations were used by Harvey 
and Smith (67) and a general summary has been presented 
by Dankwerts (32).
Also using Carslaw and Jaeger (22) a useful 
set of equations have been proposed by Crank (23) for a 
number of different cases of constant and variable 
sources.
The theoretical equations used in this part 
of the present work are given below:-
For diffusion into a semi infinite medium with initial 
concentration zero and time dependant surface concentration 
the equations used were
C 2 = Et 5.1
M, = | E t  5.II
For diffusion into a semi infinite medium with the usual 
boundary conditions and constant interfacial resistance 
we have
9‘8
r Dg . ,-r- -j(=82 = ® (^ 81 Ll-e s erfc ÿ- j 5 .Ill
S ti
r t/RsDg
"tg = zaCgi -Rg a Cg^Dg [_l-e ® erfc ^  L'^j
5.IV
For diffusion from a semi infinite medium with uniform 
initial concentration and constant interfacial 
resistance
0 3 3 = 1
where
1+a L hg ArDp" i
a" + /dJTTT^
^2 = Dg Rg 5 .VI
5.2.a. Derivation of theoretical equations.
Even though some of the above equations 
III and IV) have been applied to the case of gas absorption 
into a pool of liquid (86) they have not been used before 
the present work to study mass transfer across a liquid- 
liquid interface. It is most important therefore to 
derive these equations from the Pick's diffusion equation 
to ensure that they satisfy the initial and boundary 
conditions associated with the liquid-liquid system. A 
detailed study will also help in considering the 
possibility of time dependent interfacial resistance.
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5.2.a.i. Derivation of equation II.
Equation II gives the total amount of mass
transfer in the case when the interfacial concentration
can be given by
C = Et s
To be able to derive the equation for 
we must first develop an equation which gives the 
concentration (C) at any distance (x) from the interface
From above the boundary condition is 
C = Et at X = o and t>0 
and the initial condition is
C = 0 x>0 t = 0
Pick’s diffusion equation is given by
On multiplying both sides by e and integrating with 
respect to t from 0 to ™ we obtain
i If «  ■ 0
If we assume that the orders of differentiation and 
integration can be interchanged, and this can be justified 
for the function in which we are interested then
cv2 “ n 2^
100 -
Also integrating the left hand side by parts we get
f e'Pt |£ dt = 6  e'Pt] + p  /  g - P t g  at0 db o n
Since the term in the square bracket vanishes at t = 0 
by virtue of the initial condition and at t = «» through 
the exponential factor thus the above equation reduces to
f e"Pt II dt = P C
from above equation 2. reduces to
By treating the boundary condition in the same way
f e'Pt c dt = / E e'Pt  ^ dt
C = E / e ^ ^ t d t  6.0
00 _ - p t  00 00 - p tE / e'P t dt = E I —  f *  + / — —  dt :0 - P 0  ^ P .
The term in the first bracket vanishes at t = 0, and 
vanishes at t = # through the exponential term
00 00 -pt ~pt 00E / e"Pt t dt = E / —  dt = - E = -
0 0 0
7.
10 1
Prom above the boundary condition is transformed to
The integration of the equation
a=c _ p c^  ‘ D
can be done as follows
g rBy multiplying both sides by 2
/ I - p ±_ p9x V ax / " D ^ ax
a ( I I  3 ê  c ac
By integration
I #  = 2 I f  . A
(at C = 0 ^  = 0 A = 0)
ac /P C 3x ~ D
-1..C
Ln C = V p  X  + B
•“ 102 -
But from equation 8.
B = In
-  / p  F .In C = X + In ^
In C - In ~ z -  = X
in ^ E- = V# %
Prom Crank (23) page 324, table 2.2.'the function whose 
transform is given by equation 9. is
I* 1 y /*F“C = E t +—  lerfc ----  - x J—  e ÏÏDt
- 2/Dt 7itD
r  , \ X X - x f -= EtI II + \ erfc — ----— —  e i|Dt' L '5 2Dt / 2/Dt /iDt 10
Equation 10 gives the concentration (C) at any distance (x) 
Using equation 10 the total amount of mass transfer (M^)
can be calculated as follows:
Prom equation 10
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2 „C = Et erfc — —  + erfc — ---- e~ ÏÏDt2/Dt 2D 2/Gt
-ÏÏDt2e 2Ex ExEt erfc2D 2D2/Dt
T O
Ex erfc9x " 2/Dt
at X. = 0 equation 11 becomes
x=0
but
9M.
x=0
9M.
ttD
D^t9M. at
3/2
-4Dt
2/nbt
11.
12
- io4 -
5.2.a.2. Derivation of equation III.
Pick's diffusion equation is given by
9x
The initial condition is given by
Cq2 = 0 at t = 0 2.
The boundary condition is given by
-D, *^^ 2 = k, (a C.. - at X r 0 3. ^ 37“ s BX
By transforming equation 1 as before we get
a%c = P Co 4.Dg 9x^ "^2
The general solution of equation 4 can be obtained as 
follows
9:eg p
93F" “ D^ -2CU = 0 5.
Equation 5 can be written as
{ h  ' 'Jh ] ( h  \/§r j Cg = 0
Prom equation 6 we have either
3^2 IT ,9x \/Dg
302 _ , p
3x V D= Ji
10'. •-
By integration
/ p  ' Xi/ g—Cg = B e "2
where
B is the integration constant
If we take
2 _ P_ 
2
CL = B e 4% 7 .
Or from equation 6 we have
^ 2  /P3F- " '/d; Cg = 0
■ - / i j  5 .
9Cp = ~ I 9x ^2 2
As before by integration we get 
= B" e'Q*
Where is the integration constant
Now the general solution of equation 4 can be 
Obtained by adding equations 7 and 8.
ICTh
i.e. = B e^x + b e“^^
But since is finite at x = «
B = 0
Cg = B e-9% 9.
From the boundary condition 
at X = 0 90
5,r = - “ S i  - S 2 > 10
Where
^ ~ Dg
By multiplying both sides of equation 9 by e we get
5  e-"' = - (X _ 0^,)
Integrating with respect to t
f Cg e dt = -a f a e dt - / e dt 
0 0 0
90, -pt » _= -a (-a Cgi ) - 0^2 11.o 0
In equation 10 the term between the small 
brackets vanishes at t a «> through the exponential factor 
i.e. equation 10 reduces to
3Cp à-
33T = - “ (-5 S 2  >
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From equation 9 at x e 0
S 2  = B 13.
Substituting for from equation 13 in equation 12
we get
3C a- C , ^3ir = " “ ^  - B ) 1".
Now by differentiating equation 9» with respect to x we get
9x
for which x = 0 will give 
30, _3x =-q B 15.
By equating 14 and 15
a C
a a C 1
® - p(q+oT~ ^
By substituting this value of B in equation 9
S  = ^ S i
From Crank (23) table (2.2) page 32? it shows that the
Q-qxfunction whose transform is given by  ^ is
- 10 6 -
1 erfc  i eOX+Dgto: +aÆrt )
“ 2/D:t “ 2 / 0  ^ ^2
From equation 17
-à—  = erfc — -—  ^gQx+Dgta grfc (   + a/Dlt ) 18^Sl 2/D^t 2/D^t 2
At X = 0 equation 18 will give
Equation 19 can be written in terms of ^here 
Rs = E; = follows
tI- R^b, 7C^P = a 1 1” e ° erfc ^  /Dpt j
erfc z as follows
's2 " " "si ""2" J8 20
Harvey (66) expanded the term e'
/tT (2)%zS
By using this expansion and taking into account the first 
term only equation 20 can be reduced to
^82 = ^ Gg, [l - Rg p 2' TTt - 21
-  10
5.2.a.3. Derivation of equation IV.
From equation 19 in 2.a.2. the interfacial 
concentration is given by:
I erfo „ /Dgt j  1.
But at X T. 0 we have
d f  = - - Cs2) 2.
By substituting in equation 2. for C^p from equation 1 
we get
I—  ^  2 4- _ - tdt- = ^8 a Cgi-a Cg3_(l-e 2“ erfc a/D^t)!
= k I a C ,- a C , + a C , e® ^2^ erfc a/D.t js Si si si 2 J
■ kg Là Cg^ e erfc a/D"tJ
dM, = k à C„, (e“ 2*2^ erfc a/DZt ) dtu g  o  -L <s.
By integration we get
= kg a Cg^ /e“^^2^ erfc a/Dpt dt 3.
2^r, 4-   t __
fe *"2 erfc a/D,t dt =  ^  erfc a/D,t +2 oi^ D. 2
I at
ot^Dp /îr
—  11,0 —
a^Dpt ___ n------  erfc a/D,t + / — —ofCL 2 a/DplT /tt“ dt
^a^D,t , ,:çrs i- erfc a/D:t + -i- il2r^ if:OLD, /tt a/D,
Prom equation 3*
“t = ^ ^sl  =- erfc a/D„t + — ---  + P-o^D^ /it o/bo
Where P is the integration constant.
By putting = 0 at t = 0 in equation 4.
0 = ks ^ °sl .. a^D,
p = —
OLD,
By substituting for P in equation 4 
M,_ = k_ à Csi
_o-D,t - /r:--- ^  erfc a Æ Z i  + -1 il2 - ^_oLD, /tt o/bp oLDp_
But kg = o Dg
By substituting this value of kg in equation 5 we get
, L a ^ D p t  _ /Dpt .= a I  %—  erfc o/DTt + 2 ySi 1 0 IT a
a C e“ ^2^ erfc o/Dpt + 2 o j ^  Ij 7.
Ill
Equation 7 can be written in terms of where
e -8^2 erfc
or
ML = 2 à Csi
Dpt
TT ^8 ^ ^sl ^2 “ 2 erfc
9.
Equation V was used by Mudge and Heidger (112) 
in their study of the effect of surface active agents 
on liquid-liquid mass transfer rates. The initial and 
boundary conditions in their case were similar to the 
initial and boundary conditions in this study, so it was 
not necessary to derive equation V,
Prom the above derivations it can be seen that 
the use of a time dependant interfacial resistance will 
complicate the solution of the diffusion equation to say 
the least. However, we have tried to solve the diffusion 
equation using an assumed linear relationship between 
Rg and t for simplification but the result was too 
complicated to be used for any practical purpose. Hence 
an empirical equation was used (as shown in the next chapter) 
to express the relationship between the interfacial
resistance (Rg) and the time (t).
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5.2.b. Use of theoretical equations.
Equation II can be used to calculate only 
if equation I , as a boundary condition, was valid, i.e. 
if the interfacial concentration (C^) changed linearly 
with the time (t). As will be seen in the next chapter 
this condition was fulfilled in some cases and hence 
a comparison between calculated from equation 11 and 
M.J. was possible for these cases.
The solution of the diffusion equation with 
equation 3, (5»2.a. ,2) as a boundary condition is a 
theoretical one which requires a knowledge of C*, D , t 
and k to calculate Mj_. Of these values, the one in 
greatest doubt is k^. It would therefore be of interest 
if kg could be eliminated in such a way as to calculate 
from Cg This calculated value could then
be compared with ¥1^  .
Letting Z = kg j'n 1 .
w k /tt—   2.C*D
erfc Z 3.X = 1 - e
Then equation IV can be re-expressed as
Mt =
The relationship between X and Z in equation 3» is given 
by Crank (23) and a graph of X against Z is given in 
Appendix B.
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Prom equations 1 and 2.
Z _ C* /Dt W ■ V TT
and W = 6.
Prom equation III
^s Z^ *X = ^  = 1 - e^ erfc Z 7.
The values of are available from the shadowgraph
traces,the values of C* can be obtained by knowing the 
distribution coefficient from the equilibrium curve 
(Appendix C) and the interfacial concentration at one 
of the phases, for example CpL-a'^  = à' C^ -j so that
X is known at each value of t and so therefore is Z.
Thus knowing C*, D, t, opt® Z/W and so
these values can be used to find from equation 4. Also 
kg (or Rg) can be calculated from equation 1.
The values of the diffusivities used in the 
calculations are given in Table (3.2) together with the 
references from which they were obtained.
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CHAPTER VI .
Results.
It is important to mention that very low 
concentrations were used, since low concentration values 
have certain distinct advantages as shown by Bryngdahl (17). 
Problems pertaining to the possible non linear relation 
between refractive index and concentration as well as 
to the concentration dependence of the diffusion coefficient 
are minimised by using dilute solutions and low concentrations
With systems having a density maximum or minimum 
at a certain concentration it is necessary to work in a 
range where the density-concentration curve is monotonie 
and this can always be achieved by working with very low 
concentrations.
In addition to the above advantages of using 
lovj concentrations 5 it must be emphasised here that for 
the optical results obtained to have a complete meaning, 
temperature effects should be insignificant. This w^ as 
enforced practically by ensuring identical temperatures 
for the two liquids. The heat of solution was reduced 
to a negligible level by using very lovf solute 
concentrations.
The results obtained in the present study can
-116-
Case II
HgO phase 1 =0ol
si
Aceticacid 82cell, Phase 2
Case I
H^O phase 1,C^^ = C^3_
Acetic acid
82
cclr phase 2
= 0o2
Fig. l.b. Fig. l.a.
Fig. 6.1.
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be divided into two main cases according to the direction 
of diffusion of the solute i.e. whether the solute was 
diffusing from the water phase to the organic phase or 
vice versa. Both these cases are described below.
Case I.
Fig, 6.l.a. represents this case. Acetic 
acid diffused from the water phase to the carbon 
tetrachloride phase. Since acetic acid is less dense 
than carbon tetrachloride the interface on the carbon 
tetrachloride phase side was always lighter than its 
bulk, and hence density disturbances did not occur 
in the carbon tetrachloride phase. As acetic acid diffused 
out of the water phase, the water side of the interface 
became lighter than the bulk of the water phase, this led 
eventually to a continuous buoyancy mixing in the water 
phase. Since the total amount of acetic acid transferred 
from the water phase to the carbon tetrachloride phase was 
very small (0.048 x 1C5*^  gm mol) compared to the initial 
amount of acetic acid &  the water (1.5 x 10  ^ gm mol) 
and due to the continuous buoyancy mixing that occurred 
in the water phase so that the concentration of this 
phase (C^^) was assumed to remain constant, which is 
certainly true for the short time intervals studied in 
this work.
Case 11.
Pig. 6.l.b. represents this case. Acetic
118 -
acid transferred from the carbon tetrachloride phase 
to the water phase. As acetic acid diffused out of the 
carbon tetrachloride phase the surface of this phase 
became heavier than its bulk and started moving down 
causing density disturbances in the carbon tetrachloride 
phase. No density disturbances occurred in the water 
phase in this case. However, to be able to obtain a 
measurable fringe in the carbon tetrachloride phase, the 
initial concentration of acetic acid in carbon tetrachloride 
had to be lowered to 0.5 gm/1 (or O.OO83 gm mol/1). With 
this very low level of concentration it was not possible 
to record any fringe shift in the water phase since the 
change of refractive index with acetic acid concentration 
is less for water than for carbon tetrachloride 
(Appendix A).
6.1. Case I.
Prom the areas under the fringes were obtained
the values of the total amount of mass transfer as defined
by M, in Equation 5*7. (5.l.b.). Also from the optshadowgraphs values of m^ and m^y^ could be recorded. In
this way values of C g were obtained from Equation®"opt5 .3. (5»l«a.). A series of stills from the cine film 
are shown in Pigs. 6.3a, 6,4a and 6.5a.
6.1.1. Interracial Concentration (C p ). ^ optThe values of C _ obtained from the fringe s^opt
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Case I .1 C^^=0.025 gm mol/lit. 
Case 1.2 C^^=0.05 gm mol/lit 
Case 1.3 C .=0.1 gm mol/lit
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patterns are given in Pig. 6.2, for three different
'ol 
opt
initial concentrations of acetic acid in water (0^^), 
(0.025N, 0.05N and O.IN). It can be seen that
is a function of time.
The concentration of the solute at the interface,
in the carbon tetrachloride phase (C,« ) does not reach ^ optequilibrium with the solute concentration in the water 
phase instantaneously but it approaches a constant value 
after a certain time interval (Pig. 6.2). It can be seen 
that this time interval increases with the increase of the 
initial concentration of the solute in the water phase
The interfacial concentration of the solute in
the carbon tetrachloride phase, measured optically (C „ ),optincreases according to the relation
C„p = Et (6.1)*-opt
until it approaches a constant value where this relation 
does not hold.
As the mass transfer continues, the concentration
of the solute in the water phase continues to drop until
both phases reach mutual saturation. This occurs after 
a very long time interval. The study of mass transfer 
during these long intervals was beyond the scope of this 
work since our main interest was to study the mass transfer
during the first few seconds of transfer.
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6.1.2. Comparison of values
Pigs 6.33 6.4, and 6.5 show a comparison between
M, and the calculated values of M, from equations topt t5.II and 5.IV. (as shown in 5.2.b) for the three initial 
acetic acid concentrations in the *ater phase (0^^). Prom 
the graphs several observations can be made.
and M. calculated from Equation II agree^optin the regime when varies according to the relation 
C^2 = Et
When C g ceases to be given by Et, M. does not agree’^ optwith calculated from Equation 5«li­
lt can be seen from the graphs that M. ....does .notoptagree with calculated from Equation 5.IV. This 
deviation can be explained as follows:
Equation 5-IV is derivedj as shown earlierj assuming a
constant R^. If this assumption is correct then from
Equation 5.Ill, we should get a straight line by plotting
Cgg against 1 / ,  however the considerable scatter of
points suggests is not constant but is a function of
time. Hence the disagreement between M. and M.opt ^calculated from equation 5.IV is most probably due to the 
variation in R^.
Pigs. 6.6, 6.7 and 6.8 show a plot of log M. opt
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t =0.52 sec t = 1 sec
t = 2 secs t = 3 secs
t = 4 secs t = 5 secs
t = 6 secs t = 7 secs
Fig 6. 3a Case I - 1 Cqi = 0. 025 gm mol/lit
Fringe patterns for the carbon tetrachloride side during 
the transfer of acetic acid from the water phase to the 
carbon tetrachloride phase.
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t =  2 secs t =  4 secs
t =  6 secs t =  8 secs
t =  10 secs t =  12 secs
Fig 6. 4a Case 1 - 2 Cqi = 0.05 gm mol/lit
Fringe patterns for the carbon tetrachloride side during the transfer 
of acetic acid from the water phase to the carbon tetrachloride phase,
7-
t = 2 secs t = 4 secs t = 6 secs
t = 8 secs t = 10 secs t = 12 secs
t = 14 secs t = 16 secs t = 18 secs
Fig 6. 5a Case 1 - 3  Cqj^ = 0.1 gm mol/lit
Fringe patterns for the Carbon tetrachloride side during the transfer 
of acetic acid from the water phase to the Carbon tetrachloride phase
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against log t. It can be seen that values of vary^optWith time according to the relation
M, = A t® X 10  ^ gm mol/sq cm (6.2)^opt
Where A and B are constants. The values of A and B were 
computed (Appendix D), for different initial concentrations 
(C^^), and are given in Table (6.1).
Table (6.1).
gm mol/lit A B
0.025 0.0217 1.3536
0.05 0.0217 1.4750
0.1 0.0250 1.5275
6 .1.3. Interfacial Resistance. 
Prom the equation
Ü  , (eg - c 2 )9t Rg ^ (6.3)
where R^ is constant, defines the interfacial resistance 
(Rg) and is one of the qualifying boundary conditions in 
the derivation of Equation 5 .IV, (5.2.a.3).
If Rg does not remain constant but is a 
function of t then we can write equation (6.1) as follows 
9M. (6.4)
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log ’ + 3.^2 opt
log t 
0.025 gm mol/litol
o2
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log + 3.
1.2-
1.40.60.4 80 1.00.20
log t
Fig. 6.7. = 0,05 gm mol/lit
^02 = °-
T = 21°C.
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log M. +3.^2 opt
log t
0.1 gm mol/lit.ol
o2
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where a is a proportionality constant. This 
equation will only be valid where the value of M.'optrepresents the total amount of solute transferred. If
M, represents the true total amount of the solute opttransferred from one of the phases to the other then 
Equation (6.4.) can be used to calculate the interfacial 
resistance providing that 3M. 5 C* and are known. c. 8 c
If M, > M, then the IVL will not define alltrue opt ^optthe solute being transferred across the interface and
a true value of cannot be obtained by this method.
Since in this case (Case I) does represent^optthe total amount of solute transferred across the 
interface (density disturbances do not appear to exist 
and interfacial tension disturbances are negligible) 
then equation (6.4) can be applied to calculate the 
interfacial resistance.
Equation (6.2) can be rewritten as follows:
 ^ o_ (C* - Cgg) =^_. (C* - Cgg) (6.5)
R,
The experimental relationship between M, optand t can be used to find 9M^
TE"
M. = A t^ X 10’opt
1.0
I—I
4 6 8 10 12 14
t secs 
Cqi = 0.025 gm mol/lit
Variation of interfacial resistance with time.
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 I_________!_______ !_______
8 12 16 20 24
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= 0.1 gm mol/lit.
Variation of interfacial resistance with time.
Fig. 6.11.
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9M. ^ . p-gY = A X B (t® X 10"° (6.6)
From equations (6.5) and (6,6)
A X B (t®"^) X 10*8 (^2 “ Ggg)
W  = ^^2 ~ ^s2^ X 10^ (6.7)
® A x  B(tB~l)
0^2 was obtained from the experimental results as
C g = C g . C* was obtained from the equilibrium2
results (Appendix C) as (C* = a C^^), also the values 
of the constants A and B were obtained empirically
as mentioned previously in (6.1.2). Knowing C| 9
tj A and B^ the values of were computed using equation 
(6.7) (Appendix D). The plots of against t are shown 
in Figs. (6.9a 6.10, 6.11).
Up to a critical time t , C g varies linearly° s^optwith t (Fig. 6.1), but when t > t^, remains constant 
and independent of the time t. Since the way varies
with t depends upon the variation of _ with t, then
_  '^ opttwo regimes for the variation of R^ with t can be identified
It is important to notice that the empirical equation
for M, (Equation 6.2) was developed for the total time ^opt studied,
From the above we have
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for t < tc
^s2 ” (6.8)
and for t > tc
C^2 = constant (6.9)
i.e. for t < tc
Rs = ^ (6.10)
and for t > tcR = P-Onstant ^ ^^8 
® A x  B(t“
From equations (6,8) and (6.10) we get
\  , ,„.8 
A X  B(t“ -^)
Rg = * - 0 t'B+2 (6.12)
,„8where jp = -g x 10
= Constant
^ = r f i s  10®
= constant
K  = (1 - Gt)
where
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I.e.
For t < t
Rg = V (1 ’t) (6.13)
and for t > t
Rg = e t (6.14)
Where e = x 10^
Figs. (6.12, 6.13 and 6.14) show the change of the inter* 
facial resistance with the interfacial concentration in 
carbon tetrachloride phase (C „ ).82opt
The values of the constants , n , (3 and e depend 
on the initial concentration of the acetic acid in the 
water phase (C^^). Table (6.2) gives the values of 
these constants for the three concentrations studied.
Table 6.2.
r, gm mol ^ol lit n 6 e
0.025 1360.5 0.3536 0.14215 200.14
0.05 2562.5 0.4750 0.08023 312.50
0.1 4319.4 0.5275 0.05285 301,00
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6.1.4. Interfacial tension.
The change of interfacial tension with 
concentration was determined experimentally as described 
in Chapter 4. The range of concentration studied varies
~ -7  „ 7from 1.6 X 10 • gm mol/c.c. to 12 x 10 ' gmmol/c.c.
Pig. 6.15. shows a plot of vs y .
Prom Pig. 6.2 we have the values of C g for“opteach initial concentration. For each C g value theoptcorresponding value of y was obtained from Fig. 6.15.
Figs. 6.16, 6.17 and 6,l8 show a plot of C g versus y‘"optIt can be seen from these graphs that the relationship 
is linear.
Fig. 6.2 gives C g against the time t.^‘-optPigs. 6.16, 6.17 and 6.'18 give y against From
Fig. 6.2 and Figs, 6.16, 6.17 and 6.18 we can derive 
a graph for y against t. This is given in Figs. 6,19
6.20 and 6.21 and is linear as would be expected.
6.1.5. The relationship between interfacial resistance 
and interfacial tension.
It is not known how the interfacial tension 
is related to the interfacial resistance as the true 
nature of the cause of the resistance has not as yet been 
established. A number of hypotheses have been put forward
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as to the nature of the resistance but they remain 
uncertain. However a relationship between the calculated 
Rg values and the interfacial tension (y) can be 
established from the graphs of against t and y against 
t. From Figs. 6.6 , 6.7 and 6.8 and Figs. 6.19, 6,20 and
6.21 we obtain Figs. 6.22, 6.23 and 6.24 which give a 
plot of against y.
From Figs. 6.22, 6.23 and 6.24 it can be seen 
that the relationship between the interracial resistance 
and the interfacial tension is not linear. However 
the effect of y on R_ is very pronounced. It is very 
interesting that a correlation appears to exist. (N.B.
The interfacial tension at the interface in the dynamic 
situation during mass transfer was not measured directly.)
6.2. Case II.
Density disturbances occurred in this case as 
mentioned before. The presence of the density disturbances 
limited the value of the initial concentration of acetic 
acid in carbon tetrachloride (C^p), since at higher 
values the density disturbances occurred almost 
instantaneously and the fringes were so badly deformed 
that they could not be traced (Fig. 6.25b).
The initial concentration (C^g) used was 0 .5 gm/1
-1 5 4 -
"
t = 0. 04 secs
t = 0. 08 secs
Fig 6.25b Instantaneous (0.04 secs ) density disturbances in 
case of high initial concentration of acetic acid in 
the Carbon tetrachloride phase ( Cq2 = 3 0  gm /lit )
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(or 0.0083 gm mol/lit) and with this low value the 
fringes started to be disturbed after 7 secs. However 
it was possible to trace the fringes up to 9 secs after 
which it became impossible to trace the fringes.
Since the initial acetic acid concentration 
in carbon tetrachloride (C^g) was not zero in Case II 
as it was in Case I , equations 5.Ill and 5 .IV should be 
slightly altered to take into account the initial 
concentration (C^g). Applying equations 5°III and 5 .IV 
to the carbon tetrachloride phase and taking into account 
Cq2 equations 5*111 and 5*IV can be rewritten as follows:
^o2 ^82  ^ 1 ,'t
Co2 - C* '/ 0 2
By using Harvey's expansion a.nd taking the first term 
only into account equation 6.15 becomes
/Dpt “ t/p2 Dp  ^ '
%t = 2Co2 V-#- - ^82 Co2 1)2 - s S2 erfc 1-
(6.17)
Also from equation 5.3, for the Twyman-Green type 
interferometer, we can write,
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Density disturbances in the carbon tetrachloride phase at t >  9 secs
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C g C g = 5.686 X 10  ^ gm mol/lit (6.18)^-opt F~
6.2.1. Interfacial Concentration.
m_/s values were obtained from the shadowgraph
and from equation 6.18 (^o2’”*^ s2^  was calculated. Pig.
6.25 represents the change in acetic acid concentration
in the carbon tetrachloride side of the interface
(Cl g “ C_g ) » plotted against the time t. The inter-
facial acetic acid concentration (C g ) decreases with^-opttime (i.e. (C g - ) increases) in the first 4
seconds. Density mixing starts to affect the value of
(C g ” C g ) after 4 secs despite the fact that the ^‘-optdisturbances can not be seen. After 7 secs the disturb­
ances became visible but the fringe could still be traced. 
After 9 secs the fringes became so badly disturbed that 
they could not be traced (Pig. 6.25a).
6.2.2. Comparison of values.
Prom the previous analysis of C g values,G^optit can be seen that density disturbances before 4 secs
were negligible. values were studied up to 4 secs
since after 4 secs M, values were in error due to theoptdensity mixing.
Pig. 6.2 6 shows a comparison between M. and*opt
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Comparison of the total amount of mass transfer measured from optical fringe (Mt_ ,) with
lûniiciH-'îoi'r» 1 7 \ale equation (6 .17).
160
calculated from equation (6.17). From Pig, 6,2 6 it
can be seen that the calculated value of is higher than
M. . This is to be expected since equation (6.17) opttakes into account the resistance offered by the carbon 
tetrachloride phase, this being only a fraction of the 
total resistance.
6.2.3. Interfacial resistance.
From equation 5.V by substituting for 
Dg (Table 1.3) and a' (Appendix C) we get
= 10~G 0.159 + (6.19)h^/t-
From equation (6.19) it can be seen that if we
plot C g against 1/ /r we should get a straight line^^optassuming is constant.
Fig, 6.27 represents the plot of C g againstopt1/yg- in the first 4 secs. From the graph we can see that 
the relationship can be expressed by a straight line during 
the first 4 secs. It is important to notice that extra­
polation of the straight line is not possible since after 
the first 4 secs the straight line relationship does not 
hold i.e. is not constant.
From the slope of the straight line in Fig. 6.27 
we can calculate the value of h^.
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But from equation 5.VÎ,
2 ■ -n— (5.20) 2 S
knowing hg, a, and can be calculated
Prom Equation (6.20) R^ = 1028.08 sec/cm.
6.2.4. The relationship between the interfacial concen-
tration (C_n ) and Density (p). s^optThe density of acetic acid solution in carbon
tetrachloride was obtained separately as a function of
solute concentration (Appendix E). Prom the optical
experiments C g values were known and the range of S'optdensity values p g related to this concentration are 
shown in Fig. (6.28).
As the interfacial concentration (C^g) decreases 
with the increase of the time t the interfacial region 
becomes heavier by virtue of loss of acetic acid from the 
carbon tetrachloride phase (Fig. 6.28).
A density difference, p between and C^g
however extremely small is sufficient to cause density
disturbances; for example a density difference of 
”81.27512 X 10 gm/c.c. after 4 secs was enough to set up 
buoyancy forces sufficient to cause deviation from 
molecular conditions.
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From Fig, 6.28 the relationship between 
Cqg can be expressed by the equation
Ps2 = 1.5770 - 7 X 10“  ^ gm/c.c. (6.21)
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CHAPTER VII
DISCUSSION AND CONCLUSION.
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CHAPTER VII.
Discussion and Conclusion.
As with the results it is easier to divide 
the discussion into two sections corresponding to the 
direction of diffusion of the solute.
7.1. Case I.
Interfacial concentrations were measured with 
considerable accuracy using, for the first time, a 
modified Twyman-Green type interferometer constructed 
in our laboratory. The recorded interfacial concentrat­
ions showed that instantaneous establishment of 
equilibrium does not occur. The growth rate of the 
interfacial concentration is comparatively slow, and is 
dependent on the initial concentration of solute in 
the concentrated phase. Studies of the transfer of 
acetic acid from water to carbon tetrachloride with 
three different initial strengths of acetic acid in 
the water, showed that the higher the initial solution 
strength the greater the time taken for the concentration 
of acetic acid in the carbon tetrachloride at the 
interface to approach its constant value. This study 
took place in a static condition, and a direct comparison 
with the conditions prevailing in a moving system of 
drops in a continuous phase would be extremely difficult 
to obtain experimentally. Nevertheless, the indications
“ l67 -
were clear that considering the transient contact 
between drops and the continuous phase, perhaps micro­
seconds, an assumption of instantaneously established 
equilibrium is questionable to say the least.
The reasons for the slow growth of acetic 
acid concentration in the carbon tetrachloride phase 
are still obscure. Rigid films, barriers of ionic 
materials and other causes have been discussed. It 
seems likely that these multiple effects manifest themselves 
as surface tension effects and the measurement of them 
can be visualised as an interfacial resistance.
Two regimes appear to exist for the concentration 
of acetic acid in the carbon tetrachloride phase at the 
interface.
Regime I.
The interfacial acetic acid concentration in 
the carbon tetrachloride phase is given by = Et.
This regime terminates when the linear relationship 
no longer holds.
Regime II,
Cg2 ceases to be given by Et and changes
exponentially approaching an asymptote at opt " constant
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An interesting aspect is that even when 
reached its constant value as recorded by the interfero­
meter, the area under the fringe continued to change.
In other words continued to increase.
From the comparison of the values of 
and the calculated values of it can be seen that a 
theoretical equation which contains a constant 
interfacial resistance, fails to express the relation­
ship between the total amount of mass transfer and 
time t. Having established the presence of interfacial 
resistance to mass transfer across liquid-liquid 
interfaces, we also found that this interfacial 
resistance was time dependent. Since it was extremely 
difficult to derive a theoretical equation with time 
dependent interfacial resistance (as could be seen from 
the derivations in chapter V) an empirical equation was 
developed to express the relationship between 
and t. For the system water-acetic acid-carbon tetra­
chloride the relationship between and t can be
expressed by the empirical equation
opt = A X 10  ^ gm mol/lit
where A and B are constants. The values of the constants 
A and B depend on the initial concentration of acetic 
acid in the water phase (C^^).
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The interfacial resistance was calculated 
using the experimental values of and
and found to be decreasing with the time of exposure 
of the two phases. An empirical equation was developed 
to express the relationship between the interfacial 
resistance and time. Two main regimes for the change 
of the interfacial resistance with time could be 
distinguished.
Regime I. for t < t^
In this regime is given by = Et,
and the interfacial resistance can be expressed by the 
equation
Rg = (1 - gt)
Regime II. for t > t -----------------  c
In this regime reached to its constant
value, and the interfacial resistance is given by
Rg = Gt"^
where ip, hs 8 and e are constants, the values of the 
constants depend on the initial concentration of acetic 
acid in the water phase (0^^).
It must be emphasised that all possible 
precautions have been taken to keep the interface clean 
and static which means that the calculated resistance 
is purely due to the change in the physical properties 
of the system. Previous investigators examined the
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effect of surface active agents on the value of the 
mass transfer coefficient and on the mass transfer 
rate (78, 98, 24, 75s 104, 111, 48 and 112). None 
of these examined the possibility of an interfacial 
resistance in a clean liquid-liquid interface. Drickamer 
et al (158, l40) reported the presence of a very large 
resistance (25,000 to 400,000 sec/cm) for the transfer 
of tagged sulphur compounds across various liquid-liquid 
interfaces. They found that the addition of a surface 
active agent had no effect on the value of the resistance. 
The fact that Drickamer et al did not observe any change 
in the value of the interfacial resistance makes their 
results very doubtful, where a change in the value of 
the interfacial resistance was to be expected on the 
addition of a surface active agent. The error may be 
due to the contamination of the interface or that the 
change in the resistance was comparatively small, and 
hence it could not be detected by their apparatus.
An important aspect which distinguishes the 
present work from others is that we were able to study 
the mass transfer process at very short time intervals 
after its inception. None of the previous workers studied 
the values of the interfacial resistance at very small 
time intervals (Mudge and Heidger (112) started 
measuring the interfacial resistance after 10 secs). It 
is of a great importance to measure the interfacial 
resistance after very small time intervals from the
-171.
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beginning of the transfer, as the time of contact 
between the drops and the continuous phase in extractors 
is of the order of microseconds. In this work it was 
not possible to detect a measurable fringe shift before 
one second (which is very much smaller than the shortest 
time interval required by other workers to start their 
measurements). Since an empirical equation was developed, 
as mentioned before, for regime I (i.e. when t < t^) 
this equation was used to calculate the interfacial 
resistance at even shorter time intervals (0.1 secs).
The values of the interfacial resistance during the first 
one second of the transfer are given in Fig. (7.1) at 
intervals of 0.1 sec. The Fig, shows a large drop in 
the interfacial resistance during the first second of 
exposure. From the graphs representing the change of 
the interfacial resistance with time t in Chapter 5 
we can also see that after 8, 10 and 15 seconds respectively 
the interfacial resistance stayed almost constant. This 
explains why other workers could not measure any change 
in the interfacial resistance as they started taking their 
readings after the resistance reached an almost constant 
value.
From the work of Mudge and Heidger (112) we 
can see from their graph of against l/^jr that the 
points started to scatter at the low time intervals 
which indirectly support our results, since in our case 
when Cg2 op^ was plotted against 1 / the points were 
badly scattered.
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As we mentioned previously most of the studies 
on mass transfer across liquid-liquid interface were 
carried out in the presence of surface active agent 
(78, 98, 24, 75> 104, 111, 51 and 112), and it was assumed 
that the surface active agent was responsible for the 
interfacial resistance. In the present study, although 
the interface was * clean’ and free from surfactant, a 
considerable resistance at the interface was detected.
According to Hutchinson (78) "it is difficult 
to see how surface activity can be ignored in interpreting 
the phenomena of mass transfer across a liquid-liquid 
interface." Despite the fact that interfacial tension 
is one of the most important properties of interfaces, 
the remarkable fact is that there is an absence of any 
quantitative relation between the interfacial tension 
and the interfacial resistance in the literature.
The interfacial tension of water-carbon 
tetrachloride interface was determined experimentally 
using different solute (acetic acid) concentrations 
by pendant drop method (Chapter IV). It was then 
possible to determine the change of the interfacial 
tension with the change of the interfacial concentration. 
The interfacial tension was found to decrease with time 
and with the increase of the interfacial concentration 
in the carbon tetrachloride phase (C^g opt^*
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The relationship between the interfacial tension 
and the interfacial resistance was determined and is 
shown in Chapter 5» The graphs are not linear and the 
effect of the interfacial tension on the interfacial 
resistance is very pronounced. The graphs clearly show 
that the interfacial tension may be an important factor 
in determining the value of the interfacial resistance, 
but it is not clear if it is the only factor. These 
results can explain the high interfacial resistance 
obtained by other workers (78, 98, 24, 75a 104, 111, 48,
51 and 112) on using a surface active agent. The 
effect of a surface active agent will be to alter the 
interfacial tension, and since a change in the interfacial 
tension is usually accompanied by an interfacial 
resistance, as proven in this work, then the presence 
of interfacial resistance observed by other workers is 
explained.
7.2. Case II.
This part of the work demonstrated the importance 
of the density changes which accompany the change of the 
interfacial concentration. A change in the density of
1.27512 X 10 ^ gm/c.c. after 4 seconds (corresponding 
to change in the interfacial concentration of O .3036 x 10  ^
gm mol/cc) was enough to set up buoyancy forces sufficient 
to cause deviation from molecular conditions. This
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result contradicts the results obtained by Schrage (131) 
and quoted by Treybal (157), that the mass transfer 
rate must be very high before the non-equilibrium densities 
at the surface become important.
Despite the fact that the density disturbances 
could not be seen before 9" secs, yet they started to 
effect the interfacial concentration in the carbon
tetrachloride phase (C„g .)@ accordingly theS d. op brate of mass transfer, after 4 secs. This result agrees 
with the results obtained by Thomas and Khanna (152) 
where unseen eddy disturbances, caused by the absorption 
of carbon dioxide into a pool of water, greatly affected 
the rate of mass transfer and the total amount of gas 
absorbed.
The comparison of the curves of and
calculated for Case II showed that the calculated 
values of , in the first 4 secs, were much higher 
than opt* Assuming that density disturbances were 
negligible during the first 4 secs, the high value of 
calculated must be due to the fact that the equation 
used to calculate (equation W  & V) took into account 
only the resistance offered by the carbon tetrachloride 
phase which accordingly must be only a part of the total 
interfacial resistance. This indirectly shows that both 
phases (the water phase and the carbon tetrachloride 
phase) participate in the total value of the interfacial 
resistance.
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During the first 4 secs (in Case II), the 
change of acetic acid concentration in the carbon tetra­
chloride phase at the interface (C^g opt^ with time 
was not linear, while in Case I, as mentioned before,
0^2 changed linearly with the time t in the first 
regime. This difference between Case I and Case II 
implies that the mechanism of the mass transfer in one 
direction is not simply the reverse of the mechanisms 
of the transfer in the opposite direction. In other 
words the value of the interfacial resistance is not 
necessarily the same for both the cases. The importance 
of this point can be seen if we consider the cases of 
absorption and desorption of gases. According to the 
above statement the mechanism of desorption may not be 
simply the reverse of absorption. A detailed study of 
this point was beyond the scope of this work. However, 
a comprehensive, unpublished, study on desorption and 
its comparison with absorption has been carried out 
in this laboratory by Thomas and Ray (153) which supports 
the observations made above in the transfer of solute in 
liquid-liquid systems.
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SECTION TWO
MASS TRANSFER TO AND PROM
STAGNANT LIQUID DROPS
- 178 -
CHAPTER I.
INTRODUCTION
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CHAPTER I ,
Introduction.
There are many processes in chemical engineer­
ing which require the contact of one liquid with another 
liquid or a gas as a means of accomplishing the transfer 
of mass. Gas absorption, distillation, and extraction 
are examples of phase contact processes which are of wide 
industrial use and interest. Of particular interest 
here is extraction, which is often achieved by the 
dispersion of one liquid in the other.• Examples of 
equipment used to accomplish liquid-liquid extraction 
are spray towers, pulsed columns, and stirred tanks.
Although the dispersal of one liquid in 
another is common in industrial operations, very little 
information is available to describe the mass transfer 
processes. This makes it difficult to design equipment 
required for such operations. In an attempt to improve 
this situation much attention has been given to studies 
of single drops with the hope that it may eventually 
be possible to extend the results to clusters of drops.
It is generally accepted now that mass transfer 
to and from drops involves three distinct periods:
1, Formation period, which includes both the actual 
formation time and the time required for the drop
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to reach its steady velocity.
2. Free fall or rise period.
3. Coalescence period.
In any particular case, one or more of the 
above steps could be absent. The drop could dissolve 
completely or coalesce immediately after formation.
If there is a non equilibrium distribution of 
some chemical species between the two phases, mass transfer 
will occur during all the above periods. In order to 
calculate the overall mass transferred from a single 
drop, one must be able to calculate the contribution from 
each of the periods. Unfortunately the mechanisms of 
mass transfer are different for the different periods.
As in other interfacial mass transfer, the transfer 
might be thought of as involving the following steps:
I. Molecules in phase 1 are brought up to the interface.
II. Molecules pass through the interface and enter the 
second phase. This could involve an adsorption- 
desorption mechanism.
III. Molecules are transported away from the interface.
I8l -
With each of the above steps, one might 
associate a resistance to mass transfer. The "classic" 
papers by Lewis and Whitman (95) and Danckwerts (31) 
both assume that only steps I and III are of importance. 
This is also the case for almost all papers dealing with 
the mass transfer from liquid drops. However, Nitsch 
(115, 116) has shown that for transfer of straight chain, 
low molecular weight carboxylic acids between water and 
carbon tetrachloride, mass transfer during period I is 
limited by step II only. The author proposed a slow 
monomer-dimer rearrangement of the interface. Even in 
cases where step II can be neglected, an analytical 
solution of the diffusion equation has been obtained 
only for the period during which the drop falls at its 
terminal velocity, and even in that case the validity 
of the solution depends on severe restrictions (64).
Much work has been concentrated on the steady 
fall period. Correlations for mass transfer are now 
available for stagnant drops, circulating drops, and to 
a lesser extent oscillating drops (5 , 28, 49s 61, 65^
84, 90, 130, l4l). The mass transfer occurring during 
formation (including acceleration) and coalescence has 
often been considered as an "end effect". In laboratory 
experiments it has usually been assumed that the end 
effect is small and its value can be estimated by extra­
polation to zero contact time on a plot of mass transfer 
against contact time.
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There is an increasing amount of evidence 
(5, 10, 29, 30, 57. 70, 71. 82, 105, 120, 130) pointing 
to the fact that the contribution to total mass transfer 
by the end effects, and particularly by the drop formation 
period, may be significant. It is important to distinguish 
between the formation and coalescence stages. Experiment­
ally, the contribution to total mass transfer during 
coalescence is often reduced to almost zero. Techniques 
have been suggested in the literature to make the coal­
escence contribution negligible by making certain that
2the coalescence areas are less than 0.5 cm . An added 
factor which helps in reducing the contribution is that 
generally the driving force for mass transfer during 
coalescence is very low.
Even though the coalescence contribution 
can be made negligible, the contribution from formation 
is not negligible. The purpose of this work is to char­
acterise the mass transfer to and from a static drop 
immediately after its actual formation. It is hoped that 
the information obtained from this work combined with 
the data available for the other periods of drop life 
will provide a complete description of mass transfer from a 
single drop during its entire lifetime. This can be 
the first step in solving a much bigger and indeed an 
immensely more complicated problem i.e., mass transfer 
from clusters of drops as they occur in industrial 
operations.
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It should be kept in mind however, that 
data on single drops cannot necessarily be applied directly 
to drop clusters. This should be apparent since, in the 
latter case, drops might interact with each other in 
many ways. Drops could coalesce or the proximity of other 
drops might modify the hydrodynamic and concentration 
conditions around any given drop. Some kind of statistical 
means will probably have to be used to treat a large number 
of drops. It seems reasonable, however, that a detailed 
knowledge of the behaviour of single drops will be helpful 
in choosing the form of the correlations to use in the 
more general case. The effect of many parameters could 
be the same in drop clusters as for single drops although 
the rates would be different.
Drops might be formed in many different ways.
The most common technique in experimental work has been 
to form the drops on the tip of a nozzle. In many such 
cases the buoyancy of the drop tends to drag it away 
from the nozzle (71, 83) or, there is a tendency for the 
drop to be sucked back into the nozzle (29, 120, 130).
In industrial equipments drops are often .formed by the 
breakup of a liquid jet or by stirring two phases such 
that one disperses in the other. In cases where step II 
can be neglected that is no resistance exists, one would 
expect that the rate of mass transfer, or the flux during 
and immediately following the formation would depend 
very much on how the drop is formed. In cases where the 
drop-side coefficient is limiting, one would expect an
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increase in degree of the turbulence within the drop to 
increase the mass transfer rate. The initial turbulence 
should depend on drop viscosity, time of formation, 
geometry of formation, etc. An analytical solution of 
the above problem would be extremely difficult. The 
behaviour of the continuous side coefficient would probably 
be less influenced by the method of formation, although 
one might expect significant effects here too. In cases 
where step II is limiting, the rate of mass transfer 
would not depend on bulk properties but should be 
proportional to interfacial area.
As soon as the drop is formed, viscous forces 
will tend to dampen the initial turbulence. The rate at 
which this happens should depend on drop viscosity, inter­
facial tension, drop size, and other factors. For very 
small drops, one would expect almost immediate damping, 
whereas for larger drops, damping is reported to occur 
over a period of seconds (107). This period thus is a 
highly transient state.
When the drop has moved through the continuous 
phase for a sufficient length of time, it reaches its 
terminal velocity. Eventually the drop will arrive at 
an interface where it coalesces and is collected or 
redispersed. If the drop has spent a sufficient time 
in the previous stages, the mass transfer during this last 
period would be only a very small fraction of the total.
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Little work has been done on this part of the overall 
drop life, and for many industrial systems it is possibly 
the least important one.
There are very few papers available in the 
literature that deal directly with mass transfer during 
formation. The earliest and perhaps the most widely 
used technique is the extrapolation method which is 
best described by Johnson and Hamielec (83)« These 
authors break the drop life into three periods (formation 
and acceleration, steady fall and coalescence) and define 
an efficiency (or fractional approach to equilibrium) 
for each of the periods. They used an efficiency E, to 
represent the combined efficiency of formation and 
coalescence or the "end effect efficiency". It should 
be noted that this technique has two drawbacks. First, 
by linearly extrapolating the free fall data to zero 
contact time, one assumes that the mechanism for mass 
transfer during the acceleration period is the same as 
that during free fall. Second, even if the above 
assumption is valid, one would have to eliminate the 
contributions somehow to transfer during coalescence 
period and the period for attainment of steady velocity 
before the contribution from formation could be 
recovered,
Several workers (120, 130, 83) have studied 
mass transfer during formation on a syringe needle by
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forming the drop to a desired size and then immediately 
withdrawing it. Such withdrawal, however, introduces 
an uncertainty into the measured mass transfer. In one 
of the above papers (130) a summary is given of the differ­
ent models proposed for mass transfer during formation.
The authors of this paper studied the extraction of 
1^1Na " I from water drops into iscbutyl. alcohol. Mass 
transfer data were obtained by measuring the change in 
tracer activity of the continuous phase. The formation 
transfer was obtained by plotting total mass transfer 
as a function of the square root of the sum of formation 
and withdrawal times and extrapolating the resulting 
"straight line" to zero withdrawal time. Implicit in 
this technique is the assumption that the mass transfer 
is proportional to the square root of time. This is based 
on the fact that the correlations seem to indicate that 
the mass transfer during formation varies with the square 
root of the formation time. The authors point out, 
however, that the assumption is purely conjecture and 
admit to the lack of knowledge of the hydrodynamics and 
the mechanism of mass transfer during the withdrawal of 
a drop. They conclude that the diffusion layer is evenly 
"stretched" during formation.
It is worth while to point out two features 
of the above work. First, the experimental technique 
for obtaining formation transfer values is indirect. 
Assumptions regarding withdrawal mass transfer had to
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be made and the contribution to mass transfer from the 
formation period could be obtained only by extrapolation 
techniques. Second, despite the above limitations it 
appears that the measured mass transfer during formation 
varied with the square root of formation time.
Several more recent papers have proposed 
correlations for formation mass transfer. More attention 
has been directed toward the theoretical aspect of the 
problem. Angelo et al (5) have published a theoretical 
paper which proposes a correlation valid for a surface 
stretch model.
In a paper by Heertjes et al (71), isobutanol 
drops were formed in water (saturated with alcohol), 
the time of drop formation was varied independently of 
the frequency of drops formed. Mass transfer during 
formation was obtained as follows. Drops were allowed 
to rise in a very short column and allowed to coalesce 
in a very small area. The transfer during attainment 
of steady velocity, rise, and coalescence was made, 
small or constant and independent of time of formation. 
Then the total extraction was plotted against formation 
time. The slope of the resulting line gave information 
regarding the mechanism of transfer during formation. 
Formation times were above 1 sec.
Their experiments resulted in the following conclusions.
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1. The assumption of unsteady state diffusion is correct.
2. The results are a strong function of the proper rel­
ation between surface and volume. The relation 
proposed in this work does not hold for formation 
times less than 0.2 seconds,
3. Coalescence effect is constant.
4. Despite the turbulence during the formation, the
boundary layer in which transfer occurs is not affected,
5. As the drop grows, fresh surface elements are formed.
This work again relies on indirect (extra­
polation) techniques to obtain the contribution by the 
formation transfer. Also, the model predicts that 
the transfer varies as the square root of the formation 
time,
The period of rapid damping immediately after 
formation has received very little attention so far.
The reason for this is probably that this period is 
relatively difficult to investigate experimentally, 
especially by the techniques commonly employed. It is 
also a period which is hard to describe on a theoretical 
basis. There has been some indication, however, that 
this period might be of considerable importance (135)«
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Marsh and Heideger (107) used a photographic technique 
and, for his system with formation times around 1 second, 
found that roughly one third of the total mass was 
transferred during formation, one third during the first 
second of drop life, and one third during the rest of 
the drop life. The amount transferred during formation 
would of course depend on the time of formation.
Most of the published work on single drop 
mass transfer has dealt with the period during which the 
drop moves at its terminal velocity. Several authors 
have dealt with the range of conditions in which the 
Hadamard solution is valid for a falling drop, i.e., when 
Reynolds No. is <<1, the interfacial tension is constant, 
and its value is "sufficiently" high that the drop remains 
spherical. Levich (94) has examined the problem of mass 
transfer under the above conditions for the case of a 
resistance located in a thin layer close to the interface.
Kronig and Brink (90) used the Hadamard (58) 
circulation profile to find a mass transfer solution 
valid when all the resistance is in the drop. The 
solution predicts that the mass transfer rate should be 
the same as that from an equivalent stagnant drop whose 
molecular diffusivity is 2.5 times that of the circulating 
drop.
For high Reynold's number (>10) the drops
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start to oscillate (61), one would expect increased 
mixing within the drop. Handlos and Baron (6l) assumed 
that the drop was in turbulent motion and that the cir­
culation pattern of Hadamard (58) was superimposed on 
this case. It was assumed that a particle was completely 
dispersed in the drop in the time necessary to complete 
one full turn along a "streamline". From the Einstein 
equation, a solution was obtained for mass transfer in 
the drop. The probable error was 20 per cent. In a later 
note Olander (117) has pointed out that the Handlos and 
Baron solution greatly underestimates the mass transfer 
for very short contact time. Rose and Kintner (124) have 
since published a more accurate model which gives better 
agreement with experimental results.
Numerous other papers have dealt with the 
"terminal velocity" period and obtained expressions valid 
for some short range of parameters. These papers will 
not be discussed here since they are beyond the scope of 
this work.
Interfacial Turbulence.
During the past decade a number of ternary 
systems have been studied experimentally. In some of 
these systems the interface was found to be disturbed 
during mass transfer by eruptions and spasms, whilst 
the nearby regions were agitated spontaneously. This
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phenomena, known as interfacial turbulence has more 
than academic importance since it is invariably accompanied 
by mass transfer rates which may be several times higher 
than the theoretical one predicted by the two film theory 
(13, 98, 102, 59).
Lewis and Pratt (97) observed the spontaneous 
oscillation of droplet when they were attempting to 
measure non-equilibrium interfacial tension by pendant 
drop method. Battachary (12), studying mass transfer 
across moving interfaces, observed spontaneous movements 
in the interface. Since then interfacial turbulence 
has been studied in drops and flat interfaces, both 
visually and photographically.
Kroepelin and Neummann (87) photographed 
convective streams within pendant droplets. These 
convection currents emanated from the end of the capillary 
and flowed through the drop as a jet. On reaching the 
interface this jet caused deformation of the droplet 
and an eruption was initiated at the interface. Thus, 
turbulent mixing was produced in the droplet interior and 
further supply from the capillary produced a new eruption. 
They have shown that for eruptions to occur the equilibrium 
of forces existing at the interface must be disturbed, 
that is to say adjacent areas of the surface must have 
different interfacial tensions and this gives rise to 
violent tangential movements at the interface. The
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above authors have photographed the flat turbulent interface 
of the system ethyl acetate - acetic acid ~ water in 
profile, using a schlieren apparatus, and have shown that 
eruptive mass transfer can take place across plane inter­
faces, and that interfacial activity is assisted by density 
gradients in the direction of transfer.
Kroepelin and Pratt (89), have shown that 
interfacial turbulence may also be produced when mass 
transfer takes place across a gas-liquid interface. 
Interference pictures showed the disturbance created at 
the surface when methanol vapour was allowed to contact 
the surface of water. The disturbance wa,s produced by 
local absorption of methanol creating points of different 
interfacial tension, causing rapid movement in the direction 
of the areas of higher interfacial tension.
Spontaneous émulsification and ejection of 
droplets has been reported by Kroepelin and Neumann (88) 
who also explained this phenomenon in terms of interfacial 
tension changes. Sherwood and Wei (136) whilst studying 
mass transfer with interfacial chemical reaction noticed 
the occurrence of spontaneous turbulence in the phase 
boundary regions and they found that interfacial turbulence 
was pronounced in the case of exothermic neutralisation.
Pendant droplets disturbed by rippling, pulsation
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kicking and eruptions were studied by Lewis and Pratt (97), 
Haydon (68) and Garner et al (50). Haydon (69) also invest­
igated the kicking of pendant drops both qualitatively 
and quantitatively and proposed a mechanism for it.
Segwart and Nassenstein (132) made-an extensive photographic 
study of eruptions in pendant drops using a colour Schlieren 
technique. They showed that the eruptions were caused by 
changes in interfacial tension, which in turn were produced 
by concentration changes usually by convective currents,.
In many systems they observed eruptions irrespective of 
the direction of transfer. In particular, the interfacial 
activity of the system carbon tetrachloride - acetic acid ~ 
water was photographed cinematographically in colour by 
Nassenstein and Kraus (114). The Schlieren technique 
has also been used by Golta (54) to photograph the kicking, 
oscillation and rotation of pendant drops. Several invest­
igators have found that rising and falling drops behave 
in the same manner as pendant ones (132, 96, 46).
Almost all of the above mentioned experimental 
observations indicated that the phenomenon of interfacial 
turbulence, as the name implies, is a chaotic and dis­
organised process. However, some semblance of ordered 
flows was shown to be possible by directing a thin jet 
of solute towards a flat interface between two immiscible 
liquids (87, 132). More recently Linde (101) and Orell 
and Westwater (118) have succeeded in showing that 
spontaneous interfacial flows can occur in a cellular pattern,
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This spontaneous interfacial cellular convection 
accompanying mass transfer has been studied photographically 
using a Schlieren technique.
Many investigators agree that interfacial 
motion is triggered by local variation of interfacial 
tension, namely the Marangoni effect (68, 87, 132, 54).
Yet until recently there was in existence only the limited 
theory of interfacial turbulence in drops advanced by 
Davies and Haydon (35)« In 1959 Sternling and Scriven (143) 
put forward a theoretical quantitative mechanism for the 
onset of interfacial turbulence operating in a flat 
interface. They considered interfacial turbulence to be 
a manifestation of hydrodynamic instability. Their theory 
maintains that small ever-present fluctuations of 
concentration or temperature about the interface may, 
under favourable conditions, be spontaneously amplified 
into fully developed flows, by Marangoni effect. Such 
flows may be either highly irregular ones-corresponding 
to interfacial turbulence ~ or ordered flows that 
presumably arrange themselves in a regular cellular 
pattern which one may term "cellular convection". The 
basic unit of flow is a roll cell within which liquid 
is circulating. The roll cells are presumed to be analogous 
to Benard cells for heat transfer, which are exhibited 
by an unconfined horizontal thin layer of pure liquid 
heated from below. Sternling and Scriven (143) found 
interfacial turbulence to be promoted by steep concentration
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gradients near the interface, by systems exhibiting a large 
rate of change of interfacial tension with solute and by 
the absence of surface active agents as well as large 
differences in kinematic viscosity and diffusivity in 
the two phases. They have also shown that for positively 
adsorbed solutes the interface is unstable for mass transfer 
out of the phase of higher viscosity and lower diffusivity.
Sawistowski (129) gave a comprehensive review 
on the influence of interfacial tension driven instabilities 
or disturbances on the rates of mass transfer in liquid- 
liquid systems. It can be seen that interfacial disturbances 
were always observed at high solute concentration levels 
(0.3M - 0.5M), yet according to Sternling and Scriven (143), 
the disturbances should exist at any concentration level.
From the above review we can summarise the 
purposes of this part of the work in the following points :
1. To investigate the possibility of using the Twyman- 
Green interferometer to study mass transfer to and 
from stagnant liquid drops.
2. To study mass transfer to and from stagnant drops with 
short formation time using a direct optical technique.
3. To measure directly the concentration at the drop 
interface as a function of time.
- 196
4. To investigate the presence of interfacial disturbances 
at low solute concentrations.
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CHAPTER II.
EXPERIMENTAL DETAILS
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CHAPTER II
Experimental Details
The Turyman-Green interferometer as described in 
Section I of the thesis was used to study mass transfer 
to and from liquid drops. The experiments were carried 
out with the drops in a static position as will be 
described later.
The cell used in this part of the work was constructed 
throughout of stainless steel. The cell dimensions were 
identical to those of the flowing junction cell described 
in Section I, this allowed the use of the same glass 
windows for both cells. This cell did not have any slits 
and it had a removable top. The cell top had a special 
hole, through which the drop forming tips could be introduced 
into the cell.
Drop forming tips were conveniently made by welding 
Pyrex tubing on standard 50 c.c. hyperdermic syringes.
The syringes were then placed in a specially modified 
micrometer which gave a means of accurately controlling 
the pressure on the drop and hence an accurate control 
of the drop size. The micrometer also helped to reduce 
the time of drop formation (0.56 to 0.48 secs). It was 
desirable that the end of the tip be made from tubing having 
a circular cross section, and that the end be cut off at a 
right angle to the vertical axis. Two shapes of drop forming
V’ \JTI
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tips were used depending whether the drop was suspended 
upwards or hung downwards into the continuous phase.
Pigs la and lb represent the two shapes respectively.
2.1. Procedure
Before each run all the syringes and the drop 
forming tips were washed with chromic-sulphuric acid 
cleaning solution, followed by water then rinsed with 
acetone and dried with air. The metal surfaces of the 
cell in contact with the liquids were thoroughly cleaned 
before each run the cell was then assembled and mounted 
in the interferometer. The cell was filled with the 
continuous phase through the top and the top cover was 
then placed on. The mirrors were adjusted to obtain the 
sharpest possible fringes. The drop forming tip was 
introduced into the cell through the special hole in the 
cover. To reduce the formation time a preliminary 
experiment was then carried out to find the necessary 
pressure to be applied by the micrometer to produce a 
drop of the required size. The position on the micrometer 
scale was marked then the cell was emptied recleaned 
and refilled with the continuous phase. A drop was then 
formed to the required size by turning the micrometer to 
the previously marked position and the cine camera was 
switched on at the same time. It was important to keep 
the formation time as short as possible. Prom analyzing 
the cine films it was found that the drop formation time 
was 0.56 to 0.48 secs.
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2.2. Analysis of Data
All optical experimental results were obtained from 
observations recorded by analysis of interferograms of the 
mass transfer process recorded on cine film as described in 
the section of the thesis concerned with optical details.
The 16 mm film recording the process, once developed, was 
run through a frame analyzing projector (a mute projector 
with frame counter, individual and variable speed projection 
incorporated). Once it was decided which frames needed 
further analysis, the film was either magnified to 100 times 
on a shadow-graph, from which a permanent record of fringes 
could be obtained with the aid of transparent graph paper 
(enabling the curved fringe to be sketched) or the frame 
could be enlarged and printed on appropriate photographic 
paper.
2.3. Practical interpretation of results
As explained before the fringe shift m was a function 
of the concentration of the transfering solute at the 
interface between the drop and the continuous phase.
Only fringes in the continuous phase could be seen. The 
fringes inside the drop could not be seen since the drop 
acted as an imperfect lense and diverted the light beam.
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2.4. The sensitivity of the interferometer
The change in concentration of acetic acid in carbon 
tetrachloride, corresponding to any number of fringe 
shifts = 5.686 x 10  ^ ~ gm mol/lit 2.(1)
= 5.686 X lO"^ ~ gm mol/cu.cm. 2 (2)
From"Appendix A" the change in refractive index, of 
acetic acid solution in water, corresponding to a change of 
concentration of 1 gm mol/lit = 4.26 x 10
From "Appendix A" we can see that the refractive 
index is directly proportional to the acetic acid
concentration in water. From Section I we proved that for
the Twyman-Green interferometer, the change in refractive 
index corresponding to one fringe shift is given by
An = 3.526 x lo" 2.(3)
From above it follows that the change of concentration 
of acetic acid in water corresponding to a fringe shift of 
one fringe =
= 8,277 X 10  ^ gm.mol/lit 2.(4)
The change in concentration, of acetic acid in water,
corresponding to any number of fringe shifts
= 8.277 X 10“  ^ I gm.mol/lit
= 8.277 X 10 7 ^ gm.mol/cu.cm 2.(5)
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The point of intersection of a fringe with the drop
surface defines m , then ”^ s can be used to find8 —  8
from equation 2.(2) or 2.(5) depending whether the 
carbon tetrachloride or water solution was used as the 
continuous phase respectively.
bo Relationship between the area under fringe and total 
amount of mass transfer
From Section I we have for acetic acid solution in 
carbon tetrachloride
«tpopt = ^ ^ a s j s ^  2.(6)mm
Similarly for acetic acid solution in water we get
M . = 8^277 X X A 2.(7) ^ mm"
2.5« Theoretical Equations
For the case of mass transfer from the drop, assuming 
that the initial concentration of the drop is uniform and 
that the concentration of the continuous phase is negligible, 
the following solution to the diffusional equation in 
spherical coordinates is obtained by Carlslaw and Jeager (22)
6 ? 1 r tÎÇ = 1 - n=i exp ^  ^2 ir"] ^
It is important to mention that the above equation 
is developed assuming pure molecular diffusion within the 
drop and that the surrounding concinuous phase offers 
negligible resistance to solute transfer. The equation was
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used before by such workers as ©eddes (53) and West 
et al (164).
For the case of mass transfer from the continuous 
phase to the drop Coulson and Skinner (128) used the 
following equation
Nt = (Co-Gs) "
From Hegbie's theory we have 
ks = 2 III
The optical values M. and G were used to^opt ®opt
calculate k^ from equation II this value of k^ was then 
compared with the value of k^ calculated from equation III,
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Results.
It is important to mention that all the 
results were obtained with the drops in a static position. 
The formation time was kept as short as possible and 
hence the amount of mass transfer during the drop formation 
was negligible. To simplify the study the situation 
was divided into two main Cases, Case I and Case II, 
depending on the mass transfer from or to the drop respect­
ively. Each case was then subdivided to two situations 
depending on whether the drop was suspended upwards 
or hung downwards in the continuous phase.
3.1. Case I :
Mass Transfer from liquid drops,
3.1.1. Case I.l. Mass Transfer from a water drop 
containing acetic acid to a continuous phase 
of carbon tetrachloride.
Pig. 3.1a represents the situation. The drop 
was suspended in an upward position from a vertical cap­
illary glass tube. Acetic acid diffused from the drop 
to the continuous phase. The initial concentration of 
acetic acid in the drop was 0.03 gm mol/lit. The 
continuous phase was pure carbon tetrachloride (mutually 
saturated with water)
i.e. C^^ = 0.05 gm mol/lit (3 gms/lit)
Co 2 = 0
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-208'
■p•H
rH
i
a
oI—f
X
pAOfvj(0o
1,6
4
1.2
1
6
0.2
0
4 6 80 2 10
t secs 
Fig 3-2; Case I-l 
Variation of interfacial concentration 
with time
C^l= 0.05 gm mol/lit “ 0
r a 1.5 mm 
T = 2l“c
ri
-209-
t =  5 secs t =  6 secs
t =  7 secs t =  8 secs
Fig 3 .2a Case I -  1
Fringe patterns for the carbon tetrachloride phase. Initial acetic 
acid concentration in the water drop ( Cqi ) = 3 gm /lit
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Fig. 3.2 represents C g against time t^‘^optfor this case (Case I.l). Fig. 3.2a, represents a 
series of stills from the cine film.
Fig. 3.3 . represents calculated using the
equation
Fut 6 Dnt
W~€Z  ^ ^ ~
Pig. 3.4 . represents M. against the time t.^2 opt
3.1 .2 . Case 1.2. Mass transfer of acetic from carbon
tetrachloride drop to a continuous phase of water. 
Fig. 3-lh. represents the situation. The 
drop hung downwards from a vertical capillary glass 
tube into a continuous phase of pure water (mutually 
saturated with carbon tetrachloride). The initial 
concentration of the acetic acid in the drop was 0,05 
gm mol/lit (3 gms/lit) and the continuous water phase 
was initially free from the acid
i.e. C^2 = 0.05 gm mol/lit (3 gm/lit)
Col = c
Pig. 3.5 represents C against time topt
Fig. 3.6 . represents calculated using 
the equation
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Fig 3.6a Case 1-2
Fringe patterns for the water phase. Initial concentration in the 
carbon tetrachloride drop ( Cgg ) = 3  gm /lit
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Fig, 3.6a shows a series of stills from the cine
film.
Fig. 3.7 represents M. against time t.^1 opt
3.2. Case II.
Mass transfer to liquid drops.
3.2.1. Case II.1. Mass transfer of acetic acid to a 
water drop from a continuous phase of carbon 
tetrachloride.
Fig. 3.1c. represents the situation. A drop 
of acid free water (mutually saturated with carbon 
tetrachloride) was suspended upwards in a continuous 
phase of a solution of acetic acid in carbon tetrachloride. 
The initial concentration of the solution was 0.05 gm mol/lit 
(3 gms/lit) (i.e. " 0.05 gm mol/lit). The initial
concentration of acetic acid in the water drop was zero 
(i.e. 0^2 - 0). The drop diameter was 4.2 mm.
Fig. 3.8 shows the relationship between
(0 o - ) and the time t. Fig. 3.8a. shows a series° optof stills from the cine film. Fig. 3.9 represents ®^optagainst time t. Fig 3.10 represents M, against t.^2 opt
2.0
iH
C\J
0.4 0.8 1.60 2.0 2.
t secs 
Fig 3-8: Case II-l
Concentration change with time 
Cq2 = 0.05 gm mol/lit
°ol = °
r = 2.1 mm
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m
' H
t =  0 t =  0 .2  secs
t =  0.6 secs t =  2 secs
Fig 3. 8a Case II -  1
Fringe patterns for the carbon tetrachloride phase. Initial 
concentration of acetic acid in the continuous carbon tetrachloride 
phase. ( Cq2 ) = 3  gm /lit
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•H
0.0490 1,2 2.0
t secs 
Fig. 3~9 : Case II - 1
Variation of interracial concentration 
with time
Cq2 = 0.05 gm mol/lit
^01 ” ° 
r s 2.1 mm
-2 2 1 -
l.G-
0 .9
0.8
0.6
0 .5
rH
X
4->P,OCVi-P
0 .5
0.2
0.1
2.01.2
t 8608
FiK 5-10: Case I I - l
The total amount of mass transfer as a function of time 
= 0.05 gm mol/lit
°01 = °
r = 2.1 mra
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0.07
0.06
0.05
0,04
0.03
0.02
0.01
0 J.0 0.4 0.8 1.2 1,6 2.0 2.4
t secs 
Fig 3-11: Case II~1
Variation of interfacial resistance with time 
^o2 ~ 0.05 gm mol/lit
r - 2.1 mm
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0.36 r
0,32
0.28
0.24
o
oQ>ta 0.2
OrH 0*l6X
(Vta 0.12
0.04
2.41.6 2.00.8 1.2
t secs
Pig 3-12; Case II-l
Comparison of the interfacial resistance
# R _ T from equation 3~IV s2 calc
^  ^ s2 opt
“ 224
Pig, 3»11 shows Rg2 calculated from the equation
^2A " ^  (0^2 ““ Cgg) gm mol/sq cm sec. (3-III)
Pig. 3.12 shows a comparison between cal­
culated from equation III.3 and calculated from 
Higbie’s equation
~d 7~1 ... _ . / “2
3.2.2. Case II.2. Mass transfer of acetic acid to a
carbon tetrachloride drop from a continuous
phase of water.
Pig. 3.Id represents the situation. A drop
of acid free carbon tetrachloride (mutually saturated
with water) was hung downwards in a continuous phase of 
a solution of acetic acid in water. The initial 
concentration of acetic acid in the water phase was 
0.05 gm mol/lit (3 gms/lit). The drop was initially 
free from any acid so the acid diffused from the 
continuous water phase to the carbon tetrachloride drop.
i.e. C^2 = 0.05 gm mol/lit (3 gm/lit)
Col = °
Pig. 3.13 represents the change of opt^
with time. Pig. 13a shows a series of stills from the
cine film. Pig. 3.14 shows against t. Pig. 3.15
represents M. against t. Fig. 3.16 shows a comparison1 opt
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2.8
43
•H
r4
i
g)
ÆKO
X
43euo
rH
VIO
I
iHOO
2.6
2.4
2.0
1.8
1.6
1.4
1.2
32 32.2 32.4 32.6 32.8
Fig 3-13 Case II-2 
Variation of Concentration with time 
= 0.05 gm mol/lit
«02 = «
r R 1.95 mm
33 33.2
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t =  32 secs t =  32.2 secs
t =  32.6 secs t =  33 secs
Fig 3-13a Case II - 2
Fringe patterns for the water phase. Initial acetic acid concentration 
in the water phase ( Cqi ) =  3gm /lit
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0 .0500  r
0.0498
43•ri
rH
0 0.0496
1
•g. 0.0494O
iH03
0.0492
0.0490 32
1 -i ::
■ ‘i?
32.2 32.4 33 33.232.6 32.8
t secs 
’ Fig 3-14: Case II-2
Variation cf interracial concentration with time 
Cqi = 0.05 gm mol/lit
«02 = «
r= 1.95 mm
-228-
BV
o’(Q'N *
rH
i
a
COorH
X
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■13
1.0
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0 32 32.2 32.4 32.6 32-8 33.0 33.2
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Pig 3-15 : Case 11-2
Total amount of mass transfer as a function 
of time
^ol " 0*05 gm mol/lit 
«02 : 0
r = 1.95 mm
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1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0
-e-
-L JL -L32 32.2 32.4 32.6 32.6 33
t secs
Fig 3-16 , Case II - 2 
Comparison of interfacial resistance values
* ^sl calc from equation 3“VI 
^ ^sD calc equation 3~V
33.2
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between calculated from the equation
% A  ~ ÏÏ^~ ^^ol “ ^sl^ mol/sq cm sec.(3.V)
and Rg^ calculated from the equation
/D.1/Rgl = ^  sec/cm (3.VI)
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CHAPTER IV,
Discussion and Conclusion.
4.1, Case I.l.
Acetic acid was transferred from a water drop 
to a continuous phase of pure carbon tetrachloride 
(mutually saturated with water). The drop diameter 
was 3.1 mm.
Pig, 3.2 shows the change of acetic acid 
concentration in the continuous phase at the drop surface 
(Cgg) with time. The concentration of the acetic acid in the 
continuous phase was not measurable at time intervals 
less than 4 secs as it was so small that no observable 
fringe shift occurs. After 4 secs the measurable fringe 
shift gave C^g values which increase with time till 
t = 8 secs, then the concentration appears to stay 
constant till t = 9 secs. After 9 secs decreases 
with time. It is likely that density disturbances 
were responsible for the way in which changes with 
time when t > 8 secs. These density effects alter the 
extent of fringe shift without disruption of the fringe 
patterns. The density disturbances produce mixing currents 
which cannot be seen, they occur as the solution of acetic 
acid in carbon tetrachloride is lighter than acid free 
carbon tetrachloride. The layer around the drop becomes 
lighter than the layer above it and starts to move upwards.
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Pigs 3.3 . and 3.4, represent M. calculated^2from equation I.3 and 2 opttable shows a comparison between M.
respectively. The following
and2 opt 2 calc
Table 4.1.
—  , 
t secs
b --M, X 10 gm mol/sq cm 2 opt
8M. X 10 gm mol/sq cm 2 calc
4 0.02132 35.10
5 0.11372 39.18
6 0.17769 42.65
7 1 0.22744 45.35
8
1
1 0.5686 48.03
- -
It can be seen that M, is much higher2 calcthan M, that can be due to the following reasons.2 opt
The first reason is that equation I .3 does not 
take into account the presence of any resistance to mass 
transfer in the continuous phase.
A second reason is that M. IS in error2 optdue to the presence of the density disturbances. Despite
these disturbances in the early stages of mass transfer
they could not have caused much error especially if we
notice the and G  ^ were increasing regularly2 optwith time (Pigs. 3.2 and 3.3),
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4.2. Case 1.2.
In this case acetic acid diffused from carbon 
tetrachloride drops to a continuous phase of acid free 
water. The drop diameter was 3.4 mm.
Pig. 3.5 shows the change of the acetic acid
concentration in the water phase at the surface (C^^) with 
time. was not measurable at time intervals less than
9 secs (that is, no optical fringe shift could be measured 
as it was too small). After 9 secs C . is observed to 
increase with time by the movement of the fringe shift 
till t = 12 secs, then it stays constant till t = 15 secs,
then starts to decrease. Density disturbances are respon­
sible for the way changes with time after t = 12 secs. 
The initiation of the density disturbances in this case 
is different from Case I.l. As the acetic acid solution 
in water is heavier than the acid free water, the layer 
next to the drop surface will be heavier than the layer 
below it and it will start to move downwards.
Pigs. 3.6 and 3.7 show the change of M, 2calculated from equation II.3 and M, with time^2 optrespectively. We can see that M, is larg'Sr than2 calcM, . The reasons for this disagreement are the same2 optas those proposed in Case I.l.
Prom Pigs. 3.2, 3.3, 3.4, 3.5, 3.6, and 3.7 
we can see that Case I.l and Case 1.2 are very similar.
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The main difference is that in Case I.l. the first 
concentration change was measurable at t = 4 secs while 
in Case 1.2. it was measurable at t = 9 secs. This implies 
that a higher interfacial resistance in .Case. 1.2 than in 
Case I.l.
It is important to notice that no eruptions 
in the drop surface could be detected while the diffusion 
was taking place in spite of the high sensitivity of our 
apparatus. At higher concentrations (0.5N) eruptions 
existed and are shown in Pig. 4.1.
N.B.
There must be a critical concentration of 
acetic acid at which eruptions of the interface occur.
This eruption has been detected by such workers as 
Sawistowski and Goltz (128) and Linde and Sehrt (103), 
but as far as the literature is concerned there appears 
to be no recorded study of the critical condition. It 
would be interesting to determine these conditions but 
it has not been carried out in the present study due to 
the extent of the programme of research.
4.3. Case II.1.
Acetic acid was transferred to an acid free 
water drop suspended upwards in a continuous phase of 
acetic acid in carbon tetrachloride. The drop diameter 
was 4.2 mm. The initial acid concentration in the carbon 
tetrachloride phase was 0.05 gm mol/lit (3 gm/lit).
—236 —
Fig 4-1 Eruptions at relatively high concentrations of acetic acid.
Drop: acetic acid solution in carbon tetrachloride 
( initial concentration = 0. 5gm m ol/litre )
Continuous phase: Water
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Fig. 3*8 shows the relationship between 
(C^2 " Cgg) the time t. Pig. 3.9 shows the change 
of C g with time. The change in the concentration was 
measurable after a very short time interval (0.2 secs).
Cg2 decreases with time till t = 2 secs then it stays 
constant for one second and starts to decrease. As acetic 
acid diffuses fromcarbon tetrachloride phase to the drop, 
the adjoining layers to the interface in the continuous 
phase develop a density gradient and downward movement occurs 
in the continuous phase.
Pig. 3.10 shows the change of M. with2 opttime. M. increases with time till t = 2 secs then2 optit appears to decrease as the density disturbances 
start to affect it.
Pig. 3.12 shows a comparison between
calculated from equations III.3 and IV.3» Equation IV.3
is based on Higbie's Theory, while R^g calculated from
equation III.3 is based on the optical results obtained
experimentally. It can be seen that the two values greatly
differ from each other. It is important to notice that
it can be assumed that density disturbances are less
significant in the first 2 secs, if they were not so, the
Cg2 values could not be determined optically and
further would not show the change expected by diffusion
as shown in Pig. 3.9. Further support is given by Pig. 3.10
for the change M. . When the density disturbances^2 opt
- 038 -
become significant their effect could be seen for time
intervals more than 2 secs where there is a marked deviation
from the diffusion theory in that opt remains constant
and M, decreases very considerably.^2 opt
4.4. Case II.2.
Acetic acid transferred to an acid free carbon 
tetrachloride drop (mutually saturated with water) from 
a continuous phase of acetic acid solution in water. The 
drop diameter was 2.9 mm. The initial acid concentration 
in the water phase (C^^) was 0.05 gm mol/lit.
Pig. 3»13 represents the change of (^q I^^s I opt^ 
with time. Pig. 3*14 shows that 0^^ decreases with 
time. The density disturbances in this case occurred due 
to the upwards movement of the water phase layer next 
to the drop as it became lighter by losing acetic acid.
Pig. 3.15 represents the change of M, with2 opttime. M, increases with time then it starts to’^1 optdecrease due to the density disturbances.
Pig. 3.16 shows a comparison between 
calculated from equation V.3 and R^^ calculated from 
equation VI.3* The difference between the two values 
is not as high as in Case II.1 but the two values still 
do not agree.
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In all experiments 3 either in Case I or Case II 
it was noted from the fringe patterns that the transfer 
from or to the drop occurred at the end of the drop 
(i.e. furthest removed from the capillary tube). No 
transfer was noted to occur (based on the fringe pattern) 
from or to the sides of the drop. This phenomena was not 
reported by any of the previous workers since they could 
not measure the change in the concentration "at the drop 
surface".
In Case II.2 (as in Case 1.2) the concentration 
took a longer time, than in Case II.1, to reach to a 
measurable value. This implies that a carbon tetrachloride 
drop offers more resistance to mass transfer than a 
water drop.
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NOMENCLATURE
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A Area under fringe cm
a The equilibrium distribution
coefficient (C| = a: C|)
a 1/a"
Concentration gm mol/cm'
X Concentration at level x gm mol/cm3
C Initial concentrationo gm mol/cm3
C Interfacial concentration.8 gm mol/cm'
C , C„ measured opticallys opt s gm mol/cm'
C« calculated from theoretical'^ s calc 8
equations. gm mol/cm"
Equilibrium concentration gm mol/cm'
Drop diameter mm or cm
D Diffusivity cm /sec.
E Constant defined by equation 
3~I section one.
- 242 -
2The acceleration of gravity cm /sec
h Interfacial resistance parameter
defined by
hg = a + /D^Tbi _____
h^ = 1 + a /D^Pg 
' '
H Defined by equation 4.4. Section one.
k Coefficient of surface resistance cm/sec.8
,;i Cell path length. mm
m Fringe shift cm or mm
m^ Fringe shift at level x cm or mm
m^ Fringe shift at the interface. cm or mm
2Total mass transfer gm mol/cm
M, M. as calculated from theoretical^calc ^ 2diffusion equations. gm mol/cm
M, M. as calculated from optical*opt tfringe gm mol/cm"
243 -
2at t = «> gm mol/cm
Total amount of mass transfer per
2unit area per unit time. gm mol/cm sec
n Refractive index.
An Change in refractive index.
n^ Refractive index at level x
Laplace transform constant
Rg Interfacial resistance sec/cm
r Drop radius. mm or cm,
S Fringe spacing. mm or cm.
S Defined by equation 4.3. Section one.
t t ime. sec.
T Temperature. °C.
W Defined by equation (2), 5.2b.
Section one.
X Distance from interface in
direction of diffusion. cm.
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X Defined by equation 3,5.2b,
Section one.
Z Defined by equation 1.5.2b. Section one.
Y  Interfacial tension. <^ns/cm
X Wave length of light.
p Density. gm/cu cm
Phase (1) Water phase.
Phase (2) Carbon tetrachloride phase.
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APPENDIX A
•REFRACTIVE INDEX MEASUREMENT
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A.I. Introduction
In order to obtain concentration values instead of 
refractive index values as recorded by the interferometer 
an accurate experimental apparatus is required. Watson (I69) 
using a Rayleigh interferometer published a correlation 
between the refractive index and concentration of an aqueous 
carbon dioxide solution. Thomas and Khana (152) used either 
a Pulfrich or Abbe refractometer to measure the change in 
refractive index of gaseous solutions with change in solute 
concentration. An accurate refractometer recently developed 
at the National Physical Laboratory was used in the present 
study. The values obtained were the first such values 
recorded with the new "Polarimetric Refractometer" this 
refractometer had a sensitivity of 2 x 10 ‘ for a range of
0 .025.
A.2. The Polarimetric Refractometer.
The refractive index of a liquid can be conveniently 
determined by measuring the displacement, or angular 
deviation, of a light beam. Numerous ways can be envisaged 
for measuring this displacement or deviation. The method 
being developed at the National Physical Laboratory involves 
polarized light techniques. It has the important advantage of 
using well proven polarimetric instrumentation and is 
admirably suited for automatic recording of the results.
The system is shown in schematic form in Fig (A.l). The 
liquid under measurement is contained in a prism shaped cell 
C, preferably in a two compartment cell, the second 
compartment containing a reference liquid of known refractive 
index.
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A collimated beam of monochromatic light passes through 
the cell and it is deviated by an amount proportional to 
the refractive index of the test liquid. The beam then 
passes through a polarizer P^ followed by two separated 
quartz wedges and each wedge being cemented to a 
glass wedge G of a matching refractive index. One quartz 
wedge is made of left-handed and the other of right-handed 
material. The optical axis of the quartz lies parallel 
to the light beam direction. The relative thicknesses 
of quartz traversed by the light beam in the two wedges 
and hence the azimuth of the emergent polarized vibration 
will vary with the beam direction. This vibration azimuth 
is then measured by a Faraday effect polarimeter and allows 
the refractive index of the liquid to be determined.
The high sensitivity of the polarimeteKF allows the 
system to function using only a small range of beam 
deviation, problems associated with scanning of the light 
beam across the polarimeter aperture are consequently 
minimized.
The relationship between the polarimeter output and the 
refractive index of the test liquid is substantially linear. 
The sensitivity of measurement and the full scale range can 
be easily varied by changing the separation of the wedge.
The refractometer is calibrated using liquids of known 
refractive index, while each index range can be quickly 
checked by interposing a silica or glass wedge that produces 
deviation of the light beam.
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A.3. Results
The change in refractive index with the change of the 
solute concentration was measured for three different systems
Pigs A“2, A”3 and A~4 show the change in refractive 
index with the change of concentration for the solutions 
of acetic acid in carbon tetrachloride, water, and benzene 
respectively.
Tables A-1, A-2 and A-3 give the values of the 
refractive indices and the concentrations for the three 
solutions.
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Fig A-2 Variation of refractive index with
concentration for Acetic acid solution in 
Carbon tetrachloride
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Concentration gm/1 An
5 0.0005
10 0.0010
15 0.0015
30 0.0031
60 0.0062
Table A.l
Change of refractive index with 
concentration for acetic acid solution in carbon 
tetrachloride
T = 21°C
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Pig Variation in refractive index with
concentration for acetic acid solution 
in water T 3 23. C
270
Concentration gm/1 An
3 0.00020
6 0.00043
20 0.00141
30 0.00213
42 0.00306
Table A-2
The change in refractive index with the change 
in concentration for acetic acid solution in water
T = 21^0
.271.
1 0
O
rH
X
a<
40 600 10 20 30
C gm/lit
Pig A-4: Variation of refractive index with
concentration for acetic acid solution 
in hen&ene T s 21°C
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Concentration gm/1 An
10 0.00164
15 0.00245
30 0.00484
60 0.00976
Table A-3
The change in refractive index with the 
change in concentration for acetic acid solution 
in Benzene
T = 21"C
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Appendix B
z _2l-e% erfc Z
0 0.0
0.05 0.0540
0.1 0.1305
0.15 0.1491
0.20 0.1910
0.25 0.2297
0.3 0.2654
0.35 0.2985
0.4 0.3292
0.45 0.3577
0.5 0.3843
0.55 0.4091
0.60 0.4322
0.65 0.4538
0.75 0.4931
0.80 0.5109
0.85 0.5277
0.90 0.5435
! 0.95 0.5584
1.00 0.5724
 ^ 1.10 0.5983
1,20 0.6215
1.3 0.6424
! 1.4:1. —
0.6613
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Appendix B (contd)
Z _21 - e erfc Z
1.5 0,6784
1.6 0.6940
1.7 0.7083
1.8 0.7214
2.00 0.7446
2.1 0.7549
2.2 0.7644
2.3 0.7733
2.4 0.7815
2.5 0.7892
2.6 0.7964
2.7 0.8031
2.8 0.8095
2.9 0.8154
j 3.00 0.8210
277
APPENDIX C.
EQUILIBRIUM MEASUREMENT.,
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C,l. Experimental Procedure.
Equal volumes of water and carbon tetrachloride 
were measured into a 500 ml conical flask. Various amounts 
of the solute (glacial acetic acid) over an adequate range 
were added to contents of the flask. The flask and contents 
were agitated for four hours in a thermostatically controlled 
(21^0 shake bath, and left over night at the same temp­
erature. Samples of each layer were then analysed with 
0.1 normal potassium hydroxide solution for acetic acid 
using the automatic titrator.
C.2. Description of the Automatic Titrator.
The automatic titration set up, shown in Fig. C.I., 
was manufactured by Radiometer of Copenhagen. It consisted 
basically of three parts.
C.2.1. Auto Burette Unit.
This highly automated burette with digital 
read out was a motor driven piston burette operated by 
signals from a titrator. Pour digits were visit?e on 
the apparatus, and with the 2.5 ml volume burette used, 
the last digit read to an accuracy of 0.04% of the 
total volume i.e. to 0.001 ml. Eight speeds were provided 
to vary the delivery rate from 40 seconds to 80 minutes 
for the full burette volume. The burette fed the titrant
- 279 -
à
FIG. c.l. T H E  A U T O M A T I C  T I T R A T I O N  E Q U I P M E N T .
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into a titration vessel fitted with a stirrer, a glass 
electrode and a calomel reference electrode. A nitrogen 
purge could also be kept over the solution to keep an 
inert atmosphere.
The signals from the electrodes were fed to 
a titrator unit which controlled the flow from the 
burette.
C.2,2. Titrator.
This unit in conjunction with a PH meter 
controlled the motor driving the piston of the auto- 
burette, The instrument was operated by three knobs 
and four push buttons on the panel. The selector knob 
controlled Downscale or Upscale titrations but it could 
also be set to manual control. The proportional band, 
signified the band or span of PH prior to reaching the 
end part over which the flow of titrant was to be 
gradually reduced. This meant that the end point was 
approached carefully and avoided overshooting. The 
proportional band could be set over a range, step wise, 
of 0 - 5 PH. The end point knob provided a continuously 
variable setting within the range of 0 ~ 14 PH. This 
was read on the PH meter, A delayed shut off button act­
ivated a fixed delay of shut off control which blocked 
the valve for 5 seconds after the selected end point 
was reached. Temperature compensation was provided in 
the PH meter, as was a buffer adjustment and an adjustment 
for electrode sensitivity.
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The titration could be followed automatically 
by the curve recorded on the third part of the apparatus,
C.2 ,3. Titragraph.
This part of the apparatus has a patented 
working principle. The titrant was added to the sample 
in small increments which simultaneously were recorded 
along the abscissa of the chart paper. Each increment 
was followed by an interval in which the electrode potential 
was recorded along the ordinate. The reaction between 
titrant and a sample was then completed before a new 
increment was added. A characteristic step curve was 
thus produced. The titrant addition per increment was 
limited by the width of the proportional band on the 
titrator. This ensured that the curve recorded never 
deviated from the theoretical curve by more than the 
width of the proportional band. The titrant addition 
per increment also depended on the slope of the curve.
It automatically increased in the well buffered ranges 
of the curve (gentle slope) and slowed down around the 
equivalence point (steep slope).
C.3. Results.
The values of the equilibrium concentrations 
for the system water - acetic acid - carbon tetrachloride 
are given in Table C.l, the corresponding equilibrium line 
is shown in Pig. C.2.
0.26 -2&
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The values of the equilibrium concentrations 
for the system water - acetic acid - Benzene are given 
in Table C.2., the corresponding equilibrium line is 
shown in Pig. C.3.
1C* Q  gm mol/lit C* T X 10^ gm mol/lit ccl^ ®
0.0960 1,60
0.1500 2.50
0.2053 3.34
0.2517 4.25
TABLE C.l
T = 21^0.
eg Q gm mol/lit Gbensene* ^  mol/lit
0.0996 0.725
0.1480 1.101
0.1997 1.480
0.2470 1,840
TABLE C.2.
T = 21^C.
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D.l. Computer program for obtaining an empirical equation
for the relationship between M, and the time t ________ _ ____________^opt________________
04/47/48
STATEMENT
24/10/72 COMPILED BY XALE MK. 5C
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
4
4
4
'LIST'(LP,47)
'SENDTO' (ED,QA COMP,,ZZZZ)
'WORK' (EDjQA WORK)
'COMPACT DATA'
'PMD'(ED,QA DUMP)
'COMMENT' A NEW FACILITY HAS BEEN INTRODUCED 
TO PROVIDE EXTRA DETAILS WHEN AN 
EXECUTION ERROR OCCURS,YOU WILL 
SEE THE COMPILER HAS DIVIDED YOUR 
PROGRAM INTO NUMBERED BLOCKS, THE 
EXTRA INFORMATION WILL REFER TO 
THESE BLOCK NUMBERS AND SHOULD BE 
EASY TO UNDERSTAND.
il
'PROGRAM' (USER)
'INPUT' 3=CR0 
'OUTPUT' 0=LP0,45 
'OUTPUT' 2=LP2,45 
'SPACE' 100 
'TRACE' 2
'BEGIN' SELECTINPUT (3) : SELECTOUTPUT (0):
'COMMENT' **** :INPUT FROM DOC SOURCE
* * * *
'BEGIN'
'REAL'A0,A1,B1,B2,B3,B4,B5,N,C,D,X,Y:
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04/47/48 24/10/72 COMPILED BY XALE MK. 5C
BLOCK 1
4 'INTEGER' I,J,K:
5 WRITETEXT('('MA88TRAN8PER%%%%TIME%##%
EQUATI0N%%%%LEA8T%%8QUARE8%%%%
6 POLYNOMIALSÎ^ Î^ PIT’ ) ' ) :
7 NEWLINE(2)
8 L1:N:=READ:
9 B1:=B2:=B3:=B4:=B5:=0.0:
10 'POR’l:=l'STEP'l'UNTIL'N'DO'
11 'BEGIN'
11 X:=READ:Y:=READ:
14 C:=LN(X)
15 D:=LN(Y)
16 B1:=B1+C
17 B2:=B2+D
18 B3:=B3+Ct2:
B4:=B4+(C*D);
20 'END':
21 A0:=((B2*B3)-(B1*B4))/((N*B3)-Blt2)):
22 Al: = ((N*B4)-(Bl*B2))/((N*B3)“Bit 2)):
23 B5:=EXP(A0):
24 PRINT(K,2,1):PRINT(B5,3,4):
26 PRINT(A1,2,4):'
27 L2:'END';
28 'END':
NO OF BUCKETS USED 10
COMPILED USER EC
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DOCUMENT K26Z NORM K26Z ; LPOO ON 24/1,0/72 AT 04,48
CONSOLIDATED BY XPCK H E  DATE 24/10/72 TIME 04/48/14
PROGRAM USER 
COMPACT DATA (15AM)
COMPACT PROGRAM (DBM)
CORE 3648
SEG WRITETEXT
SEG EXP
SEG PRINT
SEG NEWLINE
SEG SELECTINPUT
SEG LN
SEG READ
CLV ALG0L60
NORM K26Z : LPOO
TIME EQUATION
0.0217 1.3536-8388608.0
TRACE OF USER 
*SELE
EXECUTED TWICE
**BEG AT ST. 4
*WRIT
*NEWL
LI AT ST. 8
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*READ
*LN
*READ
*LN
*READ
*LN
*READ
*LN
*READ
*LN
*READ
*READ
*LN
*READ
*LN
*READ
*LN
*READ
*LN
*READ
*LN
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
3 TIMES
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
TWICE
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*READ
*LN
*EXP
*PRIN
L2 AT ST. 
**END AT ST. 
END OF TRACE
27
27
EXECUTED
EXECUTED
EXECUTED
TWICE
TWICE
TIMES
291
D.2. Computer Program for Calculation of the Interfacial
Resistance
11/56/23
STATEMENT
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
4
4
4
4
4
26/10/72 COMPILED BY XALE MK. 5C
'LIST'(LP,47)
'SENDTO' (ED,QA COMP.,ZZZZ)
'WORK' (ED,QA WORK)
'COMPACT DATA'
'PMD'(ED,QA DUMP)
'COMMENT' A NEW FACILITY HAS BEEN 
INTRODUCED TO PROVIDE EXTRA DETAILS WHEN 
AN EXECUTION ERROR OCCURS, YOU WILL SEE 
THE COMPILER HAS DIVIDED YOUR PROGRAM 
INTO NUMBERED BLOCKS, THE EXTRA 
INFORMATION WILL REFER TI THESE BLOCK 
NUMBERS AND SHOULD BE EASY TO UNDERSTAND.
a
'PROGRAM' (USER)
'INPUT' 3=CR0 
'OUTPUT'0=LP0,45 
'OUTPUT'2=LP2,45 
'SPACE' 100 
'TRACE' 2
'BEGIN' SELECTINPUT(3); SELECTOUTPUT(O);
**** INPUT FROM DOC SOURCE **** :
'BEGIN'
'REAL'Y,T,X,C1,C2,R,A;
BLOCK 1
'INTEGER»1.N;
292 -
11/56/23
STATEMENT
5
7
8 
9
10
11
12
13
13
15
16
17
18
19
20 
21 
22
23
24
NO OF BUCKETS USED 
COMPILED USER
26/10/72 COMPILED BY XALE MK. 5C
WRITETEXT('('INTERRACIAL RESISTANCE 
NEWLINE(2):
X:=0,354;
Cl:=4&-7;
A:=2,948-10:
N ;=12 5
’FOR * 1:=1'STEP'1'UNTIL'N » DO »
’BEGIN'
T:=READ:
C2;=READ:
C2:=C2*(l&-7);
Y;=(TtX):
R:=(C1-C2)/(Y*A):
PRINT(T,2,1)
P R I N T ( R , 6 , 3 )
PRINT(Y,2,4)
» END':
’END'I 
'END';
9
EC
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DOCUMENT K26Z , NORM K26Z LPOO ON 26/10/72 AT 11.56
CONSOLIDATED BY XPCK H E  
PROGRAM USER 
COMPACT DATA (15AM) 
COMPACT PROGRAM (DBM)
CORE 3520
SEG
SEG
SEG
SEG
SEG
SEG
SEG
CLV
DATE 26/10/72 TIME 11/56/53
WRITETEXT
PRINT
NEWLINE
SELECTINPUT
READ
LN
EXP
ALG0L60
DOCUMENT K26Z , NORM K26Z ; LPOO ON 26/10/72 AT 11.57
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*READ
*PRIN
*READ
*PRIN
*READ
*PRIN
*READ
*PRIN
*READ
*PRIN
*READ
*PRIN
*READ
*PRIN
*READ
*PRIN
**END AT ST, 
END OF TRACE
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
EXECUTED
TWICE
3
TWICE
3
TWICE
3
TWICE
3
TWICE
3
TWICE
3
TWICE
3
TWICE
TIMES
TIMES
TIMES
TIMES
TIMES
TIMES
TIMES
TIMES
23
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Table of 1/H in terms of S
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S 0 1 2 3 4
0 . 6 6 0. 938, ,28 0. 9 3 4 ,.54 0, 930 ,82 0. 9 2 7 ,,12 0. 9 2 3 ,,45
0 . 67 0. 9 0 1 ,,83 0. 898, .30 0. 894 ,78 0. 8 9 1 ,,29 0 . 887:.82
0 . 6 8 0. 8 6 7 ,,37 0. 864 ;.03 0. 860 , 70 0 . 857;.39 0. 8 5 4 ,.10
0 , 6 9 0. 834, .73 0. 831;,56 0. 828 ,41 0, 825; .27 0. 822;.15
0 . 7 0 0. 803, ,76 0. 800. .75 0. 797 ,76 0. 794;.78 0. 791;.82
0 . 7 1 0. 7 7 4 ,.35 0. 771; ,49 0. 768 ,64 0. 765;,81 0. 763:,00
0 . 7 2 0. 746, .39 0. 743;,67 0. 740 ,97 0. 7 3 8 ;,28 0. 735; .60
0 . 7 3 0. 719;,80 0. 712;,22 0. 714 ,64 0. 7 1 2 ,,08 0. 709;.53
0 . 74 0. 6 9 4 ,.49 0. 692;,02 0. 689 .57 0. 687; ,13 0. 684. .70
0 . 7 5 0. 6 7 0 ,.37 0. 668; .03 0. 665 .69 0. 663;.37 0. 661 j.05
0 . 7 6 0, 647, ,40 0. 645; ,16 0. 642 , 94 0. 640. .72 0, 6 3 8 ;.51
0 . 7 7 0. 625, ,49 0. 623;,35 0. 621 ,22 0. 619;.11 0. 617;,00
0 . 7 8 0. 604. ,57 0. 602. ,53 0. 600 , 50 0. 598;,48 0. 5 9 6 ;.47
0 . 7 9 0. 584, ,60 0. 5 8 2 .,65 0. 580 ,72 0. 5 7 8 ;,79 0. 576;,87
0 . 8 0 0. 5 6 5 ,,53 0. 563;,66 0. 561 ,81 0. 559:,97 0. 558;.13
0 . 8 1 0. 5 4 7 ,,27 0. 545:,49 0. 543 ,71 0 . 541;,95 0. 540;,19
0 . 8 2 0. 529:,79 0. 5 2 8 ;,08 0. 526 ,38 0. 524;,69 0. 523:,00
0 . 8 3 0. 513:,05 0. 511;,42 0. 509 ,79 0. 5 0 8 ;,17 0. 5 0 6 ;,56
0 . 8 4 0. 497:, 03 0. 495:,46 0. 493 , 90 0. 492;,34 0. 490;,80
0 . 8 5 0. 481;,65 0. 480;, 15 0. 478 ,65 0. 477;,16 0. 475:,67
0 . 8 6 0. 466;, 90 0. 465;, 45 0. 464 ,02 0. 462;,59 0. 461;,16
0 . 8 7 0. 452;,73 0. 451;,34 0, 449 , 96 0. 448, , 58 0. 447:,21
0 . 8 8 0. 4 3 9 ,,10 0. 437;,77 0. 436 ,44 0. 435 ,12 0. 433;, 80
0 . 8 9 0. 426;,00 0. 424 .71 0. 423 ,44 0. 422,,16 0. 420;,89
0 . 9 0 0. 413 ,38 0. 412;,14 0. 410 , 91 0. 409,,68 0. 408 ;,46
0 . 9 1 0. 401;,21 0. 400 ,01 0. 398 ,82 0. 397 ,64 0. 3 9 6 ;,46
0 . 9 2 0. 389 ,46 0. 388 ,31 0. 387 ,16 0. 386 ,01 0. 384 , 87
0 . 9 3 0. 378 ,10 0, 376 ,99 0. 375 ,88 0. 374 ,77 0. 373 ,66
0 . 9 4 0. 367 ,11 0. 366 ,02 0. 364 ,94 0. 363 ,87 0. 362 ,80
0 . 9 5 0. 356 , 43 0. 355 , 38 0. 354 ,33 0. 353 ,28 0. 352 ,24
0 , 9 6 0. 346 ,04 0. 345 ,01 0. 343 , 99 0, ,342 ,97 0. 341,,95
0 . 9 7 0. 335 ,88 0. 334 , 87 0. .333 ,87 0. ,332 ,87 0. .331 ,86
0 . 9 8 0. 325 ,88 0. 324 , 89 0, .323 ,89 0. ,322 , 90 0. ,321 ,91
0 . 9 9 0. 315 . 95 0. 314 , 96 0. 313 ,96 0, ,312 ,96 0. ,311 , 96
1 . 0 0 0. 305 ,88 0,,304 .84 0, ,303 ,81 0. ,302 ,76 -
298
s 5 6 7 8 9
0. 66 0. 919 ,79 0, 916,,16 O o 912;.55 0. 908;,95 0. 905:,38
0. 67 0. 884 ,36 0. 880,92 0. 877:.51 0. 874;.11 0 .870;,73
0. 68 0. 850 ,83 O o 847:,58 0. 844;.34 0. 841;,12 0 ,837:,92
0. 69 0, 819 ,05 0, 815:,96 0. 812,,89 0. 809:,83 0 .806;,79
0. 70 0. 788 ,87 O o 785:,94 0. 783:,02 0. 780.,11 0 .777:,22
0. 71 0. 760 ,19 O o 757:,41 0. 754;,63 O o 751:,87 0 .749:,12
0. 72 O o 732 ,93 O o 730,28 0. 727:,64 O o 725:,02 0 .722;,40
0. 73 0. 707 ,00 0. 704,,47 0, 701 ;,96 O o 699:.46 O o 696;,97
0. 74 0. 682 ,28 0. 679:,88 O o 677:,48 O o 675:,10 O o 672;,73
0. 75 0. 658 ,75 0. 656,46 0. 654.,18 O o 651;,91 0. 649:,65
0. 76 0. 636 ,32 0, 634 , 13 O o 631:,95 0. 629:,79 O o 627:,63
0. 77 0. 6l4 ,90 O o 612,,81 0. 610,,74 O o 608;,67 0. 606 ;,61
0. 78 O o 594 ,47 0. 592,48 0. 590.,49 O o 588;,52 0. 586 ;,56
0. 79 0. 574 ,96 O o 573:,05 0. 571:,16 O o 569:,27 0. 567:,39
0. 80 0. 556 ,30 O o 554,48 O o 552;,66 0. 550;,86 0. 549:,06
0. 81 0, 538 ,44 0. 536,69 0. 534;,96 0. 533:,23 O o 531:,51
0. 82 O o 521 ,32 0. 519:,65 0. 517:,99 O o 516;,34 0. 514;,69
0. 83 O o 504 ,96 0. 503:,36 0. 501;,76 O o 500;,18 0. 498;; 60
0. 84 O o 489 ,26 0. 487:,72 O o 486;,19 0. 484;,67 0, 483:,16
0. 85 O o 474 ,20 0. 472,72 0. 471:,26 O o 469:,80 O o 468;,34
0. 86 0. 459 ,74 0. 458,33 0. 456;,92 0. 455:,52 0. 454;,12
0. 87 0. 445 ,84 0. 444;,48 0. 433:,13 0. 441;,78 O o 440.,44
0. 88 O o 432 ,49 O o 431;,18 0. 429:,88 0. 428;,58 0. 427:,29
0. 89 0. 419 ,63 O o 418 ,37 0. 417:,12 0. 415:,87 0. 4l4;,62
0. 90 0. 407 ,24 0. 406 ,02 O o 4o4 ,81 0. 403:, 60 0. 402;,40
O o 91 0. 395 ,28 O o 394 ,11 O o 392 ,84 0. 391:,77 O o 390 ,61
0. 92 0. 383 ,74 0, 382 ,60 0. 381;,47 0. 380 ,35 0. 379 ,22
0. 93 O o 372 ,56 O o 371 ,46 O o 370;,37 0. 369:,28 O o 368;,19
0. 94 0, 361 ,73 0. 360 ,66 0. 359 ,60 0. 358;,54 O o 357:,48
0. 95 O o 351 ,20 Oo 350 ,16 0. 349:,13 0. 348;,09 O o 347:,06
0. 96 O o 340 ,93 0. 339 ,92 0. 338,,90 O o 337 ,89 0. 336;,88
0. 97 O o 330 ,86 0. 329 ,87 O o 328 ,87 O o 327 ,87 0. 326 ,88
0. 98 0. 320 ,92 0. 319 ,92 0. 318 ,93 0, 317:,94 0. 316 ,95
0. 99 0. 310 ,95 0. 309 ,94 0. 308 ,93 0. 307 ,92 O o 306 ,90
1, 00 - -
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APPENDIX F,
TABLES OF EXPERIMENTAL RESULTS,
“  300 -
CASE I , Initial Acetic Acid concentration in the water phase (C^^) = 0.025N
t secs ^s2 opt gm mol/o.o.
1 0.5686
2 1.1372
3 1.7058
4 2.2744
5 2.653
6 3.032
7 3.4116
8 3.4116
9 3.4116
10 3.4116
11 3.4116
12 3.4116
TABLE PI. T = 21°C = 0.025N
t sees M. xlO*^ gm mol/sq cm ^opt
1 0.0237
2 0*0474
3 0.0948
4 0.13035
5 0.17775
6 0.2133
7 0.3081
8 0.3318
9 0.3911
10 0.4385
11 0.4740
12 0.5077
TABLE P2. T = 21°C = 0.025N
- 302 -
M. using Equation II.2 calc
t secs oML X 10 gm mol/sq cm ^2 calc
1 0.0163
2 0.0460
3 0.0850
4 0.1305
5 0.1698
6 0.2140
7 0.2590
8 0.2790
9 0.2928
10 0.3100
11 0.3240
12 0.3380
TABLE P3. T = 21^0 2 0.025N.
M.2 calc
- 303 - 
using Equation IV.
t secs oM, xlO gm mol/sq cm 2 calc
1 0.0196
2 0.0575
3 0.1054
4 0.1651
5 0.2229
6 0.2900
7 0.3550
8 0.3794
9 0.4025
10 0.4242
11 0.4450
12 0.4648
TABLE P4. = 0.025N T = 21°C.
304
t secs log t ■4-8x l O ^^2 opt gm mol/sq cm
log M.^ 2 opt
1 0.0 0.0237 2.57475
2 0.30103 0.0474 2.67578
3 0.47712 0.0948 i .97681
4 0.60206 0.13035 ï.11492
5 0.69897 0.17775 ï.24993
6 0.77815 0.2133 ï .32899
7 0.8451 0.3081 1.48869
8 0.90309 0.3318 ï .52087
9 0.95424 0.39105 1.5218
10 1.0000 0.43845 1.64197
11 1.04139 0.4740 1.67578
12 1.07918 0.50770 1.70561
TABLE P5. = 0.025N T =
- 305
I t secs -7Rg X  10 ' sec/cm
1 1.16714
2 0.761867
3 0.528912
4 0.359305
5 0.259170
6 0.174607
7 0.100499
8 0.09586
9 0.09194
10 0.08858
0.0856
12 0.083
TABLE F6. = 0.025N T = 21°C
-  306
4-6C g xlO gm mol/c.c. ®“opt
-%R xlO sec cm
0.05686 1.16714
0.11372 0.761867
0.17058 0.528912
0.22744 0.359305
0.2655 0.259170
0.3032 0.174607
0.34116 0.100499
....... 1
TABLE F7. = 0.025N T = 21^0.
307 -
t secs Y dyns/cm
1 41.9
2 41.4
3 41.0
4 40.5
5 40.2
6 39.9
7 39.5
TABLE F8. - 0.025N T = 21
308
----------- ----- -------r+6 1 X 10 gm mol/c.c.G^opt Y dyns/cm
0.05686 41.9
0.11372 41.4
0.17058 41.0
0.22744 40.5
0.2655 40.2
0.3032 29.9
' 0.34116 29.5
TABLE F9. = 0,025# T = 21^0.
-  309 -
X 10  ^ sec/cm •Y dyns/cm
1.16714 41.9
0.761867 41.4
0.528912 41.0
0.359305 40.5
0.259170 40.2
0.174607 39.9
0.100499 39.5
TABLE PIO, = 0.025N T = 21^0
- 310
CASE 1.2. Initial Acetic Acid Concentration in the water phase (C^^) = O.05N.
t secs 1C g xlO*7 gm mol/c.c. G-opt
1 0.7581
2 1.1372
3 1.89531
4 2.6535
5 3.2221
6 3.79067
7 4.1697
8 5.3069
9 6.0651
10 6.4441
11 6.8232
12 7.2023
13 7.2023
14 7.2023
15 7.2023
16 7.2023
TABLE Fll Cqi = 0.05N T = 21 C.
311 -
t sec gM. X 10 gm mol/sq cm ^2 opt
1 0.0237
2 0.05925
3 0.1185
4 0.15405
5 0.2133
$ 0.27255
7 0.3555
8 0.4503
9 0.5213
10 0.67545
11 0.8295
12 0.9717
13 1.0547
14 1.1021
15 1.1495
16 1.1969
TABLE PI2. Cqi = 0.05N T = 21°C.
-  312 -
M.'2 calc using equation II
t secs. oM. xlO gm mol/sq cm. 2 calc
1 0.021735
2 0.04611
3 0.09412
4 0.15215
5 0.2066
6 0.26621
7 0.31629
8 0.43034
9 0.52166
10 0.58424
11 0.64879
12 0.71530
13 0.74452
14 0.77262
15 0.79974
16 0.82596
TABLE PI3. C n = 0.05N T = 2l"c
- 313
M. 2 calc using equation IV.
t secs oM. xlO gm mol/sq cm 2 calc
1 0.03163
2 0.06094
3 0.11031
4 0.18655
5 0.23921
6 0.31906
7 0.38657
8 0.56982
9 0.6940
10 0.79729
11 0.89375
12 0.97461
13 1.01441
14 1.05271
15 1.08965
16 1.13437
TABLE PI4. = 0.05N T = 21°C.
~ 314
t secs log t 0M. X 10° ^2 opt
gm mol/sq cm
log M.^ 2 opt
1 0.0 0.0237 2.37475
2 0.30103 0.05925 ■2.77269
3 0.47712 0.1125 r, 05115
4 0.60206 0.15405 1.18752
5 0.69897 0.2133 1.32899
6 0.77815 0.2726 1.43552
7 0.8451 0.3555 1.55084
8 0.90309 0.4503 1.65350
9 0.95424 0.5213 1.71709
10 1.000 0.67545 1.82956
11 1.04139 0.8295 1.91882
12 1.07918 0.9717 1.98753
13 1.11394 1.0902 0.03743
14 1.14613 1.17375 0.06930
15 1.17609 1.2561 0.09895
16 1.20412 1.33905 0.12680
TABLE PI5. ol 0.05N T = 21^0.
315
t secs -%Rg X 10 sec/cm
1 2.32559
2 1.58795
3 1.116918
4 0.89720
5 0.72425
6 0.58830
7 0.49977
8 0.33670
9 0.23494
10 0.18380
11 0.13774
12 0.09577
13 0.09819
14 0.0890
15 0.0861
16 0.0835
TABLE Pl6. Cqi = 0.05N T = 21^C.
- 316
°S2 opt% 10^ gm mol/c.c.
RgX 10 sec/cm
0.07581 2.32559
0.11372 1.58795
0.189531 1.16918
0.26535 0.89720
0.32221 0.72425
0.379067 0.58830
0.41697 0.49977
0.53069 0.33670
0.60651 0.23494
0.64441 0.18380
0.68232 0.13774
0.72023 0.09577
TABLE PI7. C , = 0.05M T = 21 C
- 317
°S2 opt% 10*^ gm mol/c.c.
Y dyns/cm
0.07581 41.8
0.11372 41.4
0.189531 40.8
0.26535 40,0
0.32221 39.6
0.379067 39.2
0.41697 38.8
0.53069 38.0
0.60651 37.4
0.64441 37.0
0.68232 36.7
0.72023 36.3
TABLE FI8. = 0.05N T = 21°C
318 -
t sec Y dyns/cm
1 41.80
2 41.4
3 40.8
4 40.0
5 39.6
6 39.2
7 38.8
8 38.0
9 37.4
10 37.0
11 36.7
12 36.3
TABLE PI9. = 0.05N T = 21o.
- 319
Plot of Rg against y.
--------
RgX 10 ' sec/cm Y dyns/cm
2.32559 41.8
1.58795 41.4
1.116918 40.8
0.89720 40.2
0.72425 39.6
0.58830 39.2
0.49977 38.8
0.33670 38.0
0.23494 37.4
0.18380 37.0
0.13774 36.7i
0.09577 36.3
TABLE F2Q. = 0.05N T = 21^C
-  320
CASE 1 ,3. Initial Acetic Acid Concentration in the water phase (C^^) = O.IN.
t secs 7Cg2 X 10' gm mol/c.c.
1 1.1372
2 1.7058
3 2.5587
4 3.4116
5 4.2645
6 5.1174
7 5.686
8 6.8232
9 7.6761
10 8.529
11 9.662
12 10,2348
13 11.0877
14 11.6563
15 12.65135
16 13.3621
17 13.9305
18 14.4993
19 14.7836
20 15.0679
21 15.3522
22 15.3522
23 15.3522
24 15.3522
25 15.3522
26 15.3522
TABLE P21. 'ol = O.IN T = 21^C.
321
t secs M. X 10^ gm mol/sq cm ^2 opt
1 0.03552
2 0.07104
3 0.1332
4 0.20424
5 0.29304
6 0.37292
7 0.47952
8 0.59496
9 0.74592
10 0.8436
11 0.9768
12 1.10112
13 1.27872
14 1.43856
15 1.5984
16 1.83816
17 2.0424
18 2.220
19 2.38984
20 2.5219
21 2.6640
22 2.8416
23 2.9304
24 3.0192
25 3.1080
26 3.1968
TABLE F22 Cqi = O.IN T = 21^C
M. 2 calc
-  322 -
using equation II.
t secs QM, X  10 gm mol/sq cm ^2 calc
1 0.032604
2 0.06916
3 0.1271
4 0.1956
5 0.2734
6 0.3594
7 0.4313
8 0.5533
9 0.6602
10 0.7727
11 0.9187
12 1.0165
13 1.1464
14 1.2504
15 1.4048
16 1.5324
17 1.6467
18 1.7636
19 1.8475
20 1.9319
21 2.0170
22 2.0645
23 2.1109
24 2.1563
25 2,20014
26 2.2443
TABLE P23. = O.IN T = 21°C.
M. 2 calc
-  323 “
using equation IV.
t secs M, X 10^ gm mol/sq.cm 2 calc
1 0.0433
2 0.0843
3 0.1392
4 0.2372
5 0.3330
6 0.4109
7 0,5119
8 0.5968
9 0,7568
10 0.8725
11 1.1890
12 1.2815
13 1.4706
14 1.6394
15 1.9008
16 2.0823
17 2.1844
18 2.4013
19 2.4847
20 2.5740
21 2.6617
22 2.7242
23 2.8160
24 2.8455
25 2.9044
26 2.9617
TABLE P24. = O.IN T = 21^0.
524 -
t secs log t M X 10®2 opt gm mol/sq cm
log M, 2 opt
1 0. 0.03552 2.55023
2 0.30103 0.07104 2.8515
3 0.47712 0.1332 1.1245
4 0.60206 0.20424 1.30984
5 0.69896 0.29304 1.4669
6 0.77812 0.37292 1.57154
7 0.8451 0.47952 1.6808
8 0.90309 0.59496 1.77445
9 0.95424 0.74592 1.87268
10 1.0000 0.8436 1.92614
11 1.04139 0.9768 1.98936
12 1.07918 1.10112 0.04176
13 1.11394 1.27872 0.10652
14 1.14613 1.43856 0.15778
15 1.17609 1.5984 0.20361
16 1.20412 1.83816 0.26430
17 1.23045 2.0424 0.31006
18 1.25527 2.2200 0.34436
19 1.27875 2.38984 0.38614
20 1.30103 2.5219 0.40157
21 1.3222 2.6640 0.42586
22 1.34242 2.8416 0.45347
23 1.36173 2.9304 0.46687
24 1.38021 3.0192 0.47986
25 1.39794 3.1080 0.49136
26 1.41497 3.1968
1 - - - .......................
0.50462
TABLE P25 = O.IN T = 21°C.
325
t secs Rg X 10  ^ sec/cm
1 4.0217
2 2.6868
3 2.0444
4 1.6491
5 1.3704
6 1.1580
7 1.0142
8 0.8458
9 0.7248
10 0.6194
11 0.5053
12 0.4422
13 0.3662
14 0.3152
15 0.2415
16 0.1903
17 0.1509
18 0.1140
19 0.0951
20 0.07720
21 0.0603
22 0.0588
23 0.05748
24 0.0562
25 0.0550
26 0.0539
TABLE F26. = O.IM T = 21°C
326
^s2gm mol/c.c.
Rg X 10“^
sec/cm
0*11372 4.0217
0.17058 2.6868
0.25587 2.0444
0.34 1.6491
0.42 1.3704
0.511 1.1580
0.5686 1.0142
0,682 0.8458
0.767 0.7248
0.8529 0.6194
0.9662 0.5053
1.02348 0.4422
1.10877 0.3662
1.16563 0.3152
1.265135 0.2415
1,33621 0.1903
1.39305 0.1509
1,4499 0.1140
1.47836 0.0951
1,50679 0.07720
1.53522 0.0603
TABLE F27. = O.IN T = 21^C
327
opt gm mol/c.c.
Y dyns/cm.
0.11372 41.4
0.17058 41.0
0,25587 40.0
0.34 39.4
0.42 38.8
0.511 38.2
0.5686 37.6
0.682 36.7'
0.767 36.0
0.8529 35.3
0.9662 34.4
1.02348 34.0
1.10877 33.3
1.1656 32.8
1.265135 32.2
1.3362 31.6
1.39305 31.2
1.4499 30.7
1.47836 30.6
1.50679 30.4
1.53522 30.3
TABLE F28 = O.IN T = 21^B
328
t secs Y dyns/cm
1 41.4
2 41.0
3 40.0
4 39.4
5 38.8
6 38.2
7 37.6
8 36.7
9 36.0
10 35.2
11 34.4
12 34.0
13 33.3
14 32.8
15 32.2
16 31.6
17 31.2
18 30.7
19 30.6
20 30.4
21 30.3
22 30.3
TABLE P29. C , = O.IN T = 2l"C
329 -
Rg X 10 sec/cm Y dyns/cm
4.0217 41.4
2.6868 41.0
2.0444 40.0
1.6491 39.4
1.3704 38.4
1.1580 38.2
1.0142 37.6
0.8458 36.7
0.7248 36.0
0.6194 35.2
0.5053 34.4
0.4422 34.0
0.3662 33.3
0.3152 32.8
0.2415 32.2
0.1903 31.6
0,1509 31.2
0.1140 30.7
0.0951 30.6
0.0772 30.4
0.0603 30.3
TABLE F30. C . = O.IN T = 21^001
330
Çase II
Initial concentration of acetic acid in the carbon 
tetrachloride phase (C^g) = 0 . 5  g m / 1
t secs ( C ^ 2 " ® s 2 o p t 10^ gm mol/lit
1 0.1137
2 0.1876
3 0.2655
4 0.3036
5 0.3036
6 0.2655
7 0.1876
8 0.1518
9 0.1137
Table F 31 C^2 ■ 0'5 gm/l<8.33 X 10 ^ gm mol/lit) 
T = 21°C
331
t secs Cgg X 10  ^ gm mol/lit
1 8.2163
2 8.1421
3 8.0645
4 8.0264
5 8.0264
6 8.0645
7 8.1424
8 8.1782
9 8.2163
Table F 32 ^o2 “ ^'5 gm/1
= 8.33 X 10  ^ gm mol/1 
T = 21°G
332
t secs X 10^
2 opt gm/mol/square
1 0.0474
2 0.1422
3 0 . 3 4 3 7
4 0.4740
Table F 33 
Cq2 =0.5 gm/1
= 8.33 X 10  ^ gm mol/1
T = 21°C
2 calc
333 -
using Equation II
t secs M,X 1 0 ^ gm mol 
2  calc sq.cm
1 0 . 0 3 2 1
2 0.0907
3 0.1665
4 0.2566
Table P 3 4  
Cq2 = 0 . 5  m g / 1
= 8 . 3 3  X 1 0   ^ gm mol/lit
T = 2 1 ^ 0
“ 334 -
t secs l/t sec^ 3^ sec^v r 0^2 mol/cu.cm
1 1.1000 1.0000 8.2163
2 1.4142 0.7071 8.1424
3 1.7321 0.5773 8.0645
4 2.0000 0.5000 8.0264
Table P 55
Cq2 =0 . 5 gm/1
= 8.33 X 10  ^ gm mol/1 
T = 21°C
- 335 -
C X  10^82 opt gm mol/c.c. p gm/c.c.
8.2163 1.57085
8.1424 1.57090
8.0645 1.57095
8.0264 1.5710
o2
Table F 36 
0.5 gm/1
8.33 X 10"^ gm mol/I
T = 21°C
336 -
Section Two
Mass Transfer to and from Stagnant Liquid Drops
- 337 -
Case I - 1
Mass transfer from a water drop containing acetic acid 
to a continuous phase of carbon-tetrachloride.
t secs Cg2 opt ^ mol/lit
5 0.90976
6 1.1846
7 1.3646
8 1.8195
9 1.8195
10 1.1372
11 0.6823
Table F 36
Col = 5 g/1 ^02 = °
d = 1.53 mm
T = 21°C
338 -
t secs gM, X 10 gm.mol/sq.cm ^2 opt
5 0.1137
6 0.1777
7 0.2274
8 0.3686
9 0.4265
10 0.2274
11 0.1279
Table P 37 
Col = 3 S/l C,2
d = 1.53 mm
=  G
T = 21^C
339
M. Using equation 1-3 (Section Two)2 calc
t secs M. X 10^ gm mol/sq.cm ^2 calc
1 0.192117
2 0.265982
3 0.303749
4 0.351006
5 0.391843
6 0.426464
7 0.453456
8 0.480300
9 0.515395
10 0.535379
11 0.559457
4
Table F 38 
Col = 3 Sm/1 C^2 = o 
d = 1.53 mm.
T = 21^0
340
Case 1-2
Mass transfer of acetic acid from carbon tetrachloride
drop to a continuous phase of water.
t secs Cgl opt ^ sm mol/lit
9 0.91967
10 1.27338
11 1.53278
12 1.53278
13 1.53278
14 1.53278
15 1.47804
16 1.12262
Table P 39 
Cq 2 = 3 gm/1
Cq I = °
d = 3.44 mm
T = 21 0
341 -
t secs 8M. X 10 gm mol/sq.cm ^1 opt
9 0.07665
10 0.27860
11 0.30661
12 0.24913
13 0.24913
14 0.22991
Table F 40
Cq 2 " ® Sm/1
Col = °
d = 3.44 mm
T = 21 C
343
Case II-l
Mass transfer of acetic acid to a water drop from a
continuous phase of carbon-tetrachloride.
t secs Cs2 opt
0.2 0.0499318
0.6 0.0498863
1 0.0497726
2 0.0497043
3 0.0497043
Table P 42
Col = o
% 2  
d 
T
0.05 gm mol/lit
4.2 mm 
21°C
-  344
t secs (Co2-Cs2 opt) ^ em mol/lit
0.2 0.6823
0.6 1.1372
1 2.2744
2 2.9567
3 2.9567
Table F 43
Col = °
Cq2 = 0.05 gm mol/lit 
d = 4.2 mm 
T = 21°C
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t secs M. X 10^ gm mol/lit ^2 opt
0.2 0.0885
0.6 0.1516
1 0.8592
2 1.0235
3 0.6697
Table P 44
Col = o
Cq 2 “ 0"05 gm mol/lit 
d = 4.2 mm
T 21°C
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t secs % " --- ---kg X 10"^  cm/sec
0.2 64.8542
0.6 22.2183
1 57.7777
2 17.3080
Table F 45 
Col = °
Cq 2 ” 0'05 gm mol/lit
d s 4.2 mm 
T s 21°C
t secs
0.2 0.015385
0.6 0.050000
1 0.026316
2 0.058823
Table P 46 
Col = °
Cq 2 ” 0.05 gm mol/lit 
d = 4.2 mm 
T = 21°C
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Rg2 calc Using equation IV-3 (Section Two)
t secs ^s2 calc °m/sec
0.2 9.60362
0.6 5.54460
1 4.29481
2 3.03690
Table F 4?
Col = °
C^2 “ 0,05 gm mol/lit
d = 4.2 mm
T = 21°C
t secs ^8 2 calc ^ 10"^ sec/cm
0.2 0.1041
0.6 0.1804
1 0.2331
2 0.3293
Table F 48
ol
C^P = 0,05 gm mol/lit 
d = 4.2 mm
T = 21^0
548
Case II-2
Mass transfer of acetic acid to a carbon tetrachloride
drop from a continuous phase of water
t secs Cgl opt ea mol/lit
32.2 0.049870
32.6 0.049834
33 0.049735
Table F 49 
°o2 = °
Cqi = 0.05 gm mol/lit
d = 2,9 mm
T = 21°C
t secs (Col-Csi opt) mol/lit
32.2 1.3243
32.6 1.6554
33 2.6486
Table 56 
°02 = °
Cqi = 0.05 gm mol/lit
d = 2.9 mm
T = 21°C
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t secs M, X 10^ gm mol/sq.cm ^1 opt
32.2 0.3311
32.6 0.4414
33 0.8829
Table 51
Co2 = °
Col ” 0,05 giïi mol/lit
d = 2.9 mm
T = 21°C
350
t secs
%^ X 10' cm/sec si opt
32.2 0.6445
32.6 0.6406
33 0.6366
Table 52
*^ 02 ■ °
Cqi = 0.05 gm mol/lit
d = 2.9 mm
T = 21°C
t secs ^81 opt sec/cm
32.2 1.5516
32.6 1.5612
33 1.5708
Table 53
Co2 = °
Cqi = 0.05 gm mol/lit 
d = 2.9 mm
T = 21 G
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Procedure.
Equal volumes of carbon tetrachloride and 
acetic acid solution in water were mixed together and 
left overnight to reach equilibrium. The two phases were 
then separated a samples of each layer were analysed 
with 0.1 N potassium hydroxide solution for acetic acid. 
The density of each phase was then measured using a 
pykonometer.
Results.
Table G.l, gives the values of the equilibrium 
concentrations and the corresponding densities for the 
carbon tetrachloride phase. Pig. G.l. shows a plot of 
these values.
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Fig G-1; Change of density with equilibrium
concentration for the carbon tetrachloride 
phase,
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Cg X 10^ gm/c.c. Pccl^ Sm/c.o.
0 1.5771
1.6 1.5758
3.3 1.5736
8.3 1.57081
11.7 1.5682
T A B L E  G . l .
pggl = 1.5771 - 7.47 X 10" Cg
